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PREFACE 


PracticaL Huat endeavors to live up to its title. It en- 
deavors to be just what its title indicates. It is a book on 
heat, and the practical applications of heat, which may be 
intelligently followed by persons of limited mathematical 
attainments—a working knowledge of arithmetic should 
suffice. Matters of theoretical interest only have been 
avoided. While it is emphasized that this is a ‘practical’ 
book, it should not be inferred that theory has been ignored. 
On the contrary the entire work has been planned on the basis 
of this fact; that one cannot really understand the practical 
or application features of any subject, unless he is familiar 
with the fundamental theory of the subject. 

So, in Practical Heat great care has been exercised in the 
preparation of its earlier divisions to establish firmly these 
fundamental principles which underlie all heat phenomona. 
But in establishing these principles the controlling policy has 
been to present all ideas in such a way that they can be readily 
understood by those of limited education. While simplicity 
has been the keynote, technical accuracy has never been sacri- 
ficed. Hence, the book should also prove useful to any reader 
—regardless of the excellence of his previous education—who 
desires an accurate easily-assimilated treatment of the subject. 

Drawings for all of the illustrations were made especially 
for this work. It has been the endeavor to so design and 
render these pictures that they will convey the desired informa- 
tion with a minimum of supplementary discussion. 

Throughout the text, principles which are presented are 
explained with illustrated descriptive expositions or with 
worked-out arithmetical examples. At the end of each of the 
19 divisions there are questions to be answered and, where 
justified, problems to be solved by thereader. These questions 
and problems are based on the text matter in the division just 
preceding. If the reader can answer the questions and solve 
the problems, he then must be conversant with the subject 

vill 
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matter of the division. Detail solutions to all of the problems 
are printed in the appendix in the back of the book. 

As to the method of treatment: Force, pressure, work, 
energy, and power, are first considered because they are 
fundamental concepts upon which all physical science is 
founded. Next follows a discussion of the nature of heat, its 
basic significance, its one source, and its relation to matter 
and temperature. 

Succeeding this, in the division on Heat Its Measurement 
And Transformations, the fundamental laws of heat phe- 
nomena, such as the first law of thermodynamics, the second 
law of thermodynamics, and the fundamental heat-transfer 
equation are expounded in a simple manner. Upon the 
principles and laws which are stated in this division (and 
which are more fully developed in the succeeding divisions) 
are based all practical engineering processes. 

The effects of heat, such as the expansion and contraction 
of solids and liquids, the heat phenomena of gases, the melting 
and freezing of substances, vaporization, and the properties 
of vapors are then examined. In the division on the Heat 
Phenomena Of Gases it has been the endeavor to so treat this 
rather theoretical subject that the practical man—or one 
with little mathematical training—can readily understand 
it. 

Following this discussion of the effects of heat, gas and vapor 
cycles are introduced—since the principles involved therein 
form the ground-work of all practical heat-engine and heat- 
power-plant design. In the next division the subjects of 
combustion, fuels, steam power plants, internal-combustion- 
engine power plants, building warming, and refrigeration are 
given space, as they are the practical applications of heat 
phenomena. In these ‘‘application”’ divisions the aim has . 
been to demonstrate how the principles which were developed 
in the preceding divisions are employed in practical heat 
engineering. Finally, a division on instruments is included. 
In this are shown the various instruments which are employed 
in heat engineering; their purposes, usefulness and limitations 
are examined. 


PREFACE ix 

With this, as with other books which have been prepared by 
the author, it is the sincere desire to render it of maximum 
usefulness to the reader. It is the intention to improve the 
book each time it is revised and to enlarge it as conditions 
may demand. If these things are to be accomplished most 
effectively, it is essential that the readers cooperate. This 
they may do by advising the author of alterations which they 
feel would be desirable. Future revisions and additions will, 
insofar as is feasible, be based on such suggestions and 
criticisms from the readers. 

Although the proofs have been read and checked very care- 
fully by a number of persons, it is possible that some undis- 
covered errors may remain. Readers will confer a decided 
favor in advising the author of any such. 

TERRELL CROFT. 

University Ciry, 

St. Louis, Mo., 

February, 1928. 
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PRACTICAL HEAT 


DIVISION 1 


FORCE, PRESSURE, WORK, ENERGY, POWER 


1. Such Terms As “Force,” “Work,” “Energy,” And 
“Power” Are Discussed At The Outset because an under- 
standing of their technical significance is essential to the 
intelligent study of heat and its effects. As the reader pro- 
ceeds, it will be shown that heat is energy. Furthermore, 
energy vs stored work and work is force multiplied by distance. 
If the student is thoroughly familiar with these ideas he need 
not, necessarily, real Div. 1. But probably, in any case, a 
review will be profitable. 

2. A “Force” Is A Push Or A Pull; this is the technical 
meaning of the word force. That is, a force is anything which 
has a tendency either to impart motion to a body which is at 
rest, or to change or destroy the uniformity of the motion of a 
moving body. A force may be due to an attraction or a repul- 
sion. Also, not only may a condition of rest or motion be 
altered by a force but the body itself may be altered thereby. 
It may be stretched, compressed, twisted, or bent. 

Exampie.—lIf a force is applied to a stationary body, the body then 
moves or tends to move. If the body is already in motion, its speed or 
its direction of motion will be changed by the application of the force. 
Or, possibly, both its speed and its direction may be changed. The speed 
may be increased or decreased, depending on whether the force assists or 
opposes the motion. 

ExamMPLe.—The most common force is that due to gravity. It is 
called weight. If a thing weighs 10 lb., this means that the earth pulls on 
it with a 10-lb. force. Steam exerts force on an engine piston. Internal 
steam pressure exerts force on the bolts in a flanged pipe union. The 
bolts exert a restraining force. 

3. The “Pound” Is A Unit For Measuring Force.—A 
properly calibrated spring balance (Fig. 1) will indicate the 


magnitude of a force in pounds. Other weighing devices may 
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sometimes be used to determine the magnitudes of forces. 
Although units other than the pound—such as the ‘‘ounce,” 
“oram,” “ton” and ‘‘kilogram’’—can be used for measuring 
forces, the ‘‘pound”’ is the one which will be employed most 
often in this book. 

Nore.—In Practicatty ALL Research Worx, AnD ALTOGETHER 
In Evropr, Great Brirain Exceptep, Metric Unirs Are Usep for 
measuring forces and weights. The gram is 
Y ap Stipenaing the metric-system unit of force and weight. 

The kilogram, a larger unit, is 1,000 grams. 
See Table 4. 

Exampie.—Figure 1 illustrates the force of 
gravity. Gravity is pulling the weight, W, 
down with a force of 3144 lb. Opposing the 
downward pull, the spring in the balance is 
pulling up with a force of 3144 lb. Thus here, 
as always, there are two equal and opposite 
forces. 

ExamPLE.—In Fig. 2, the spring balance is 
measuring pulling forces. Note that there are 
two opposing 10-Ib. forces. One is exerted by 
each hand. These two forces must be equal 

Hook and opposite. 

ExampLe.—To move a freight car (Fig. 3) 
along a track, a force, P, must be applied. 
This force, or draw-bar pull, is necessary to 
overcome the friction of the wheels on the 
track, that of the axles in the bearings, and the 
resistances due to wind pressure and inertia. 
The sum of these opposing forces must be 
equal and opposite to the draw-bar pull. If, 

WE Ag in some manner, the friction be decreased, the 

ae draw oleht ie forge force of 625 lb. will be more than sufficient to 

due to gravity; the spring 

balance reads 31 lb. pull the car at the speed at which it had been 

traveling. The excess force will then become 

effective in overcoming the inertia of the car. Thus, the car’s speed will 

be increased until the wind and other resistances become sufficiently 

great that the 625-lb. draw-bar pull is just counterbalanced by them; 

then again the car will be drawn along at a constant though greater 
speed. ; 

Norr.—Tuer Dirrerence Between Weicut Anp Mass should be 
understood. The mass of a body is that which remains unchanged in all 
the transformations which the body may undergo. The weight of a body 
is the gravitational force or pull which is exerted on the body by the earth. 
The weight of a body is different at different points on the earth; on a 
mountain peak its weight will be less than at sea level. Were the body 
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carried (if possible) to the center of the earth, its weight there would be 
zero. But its mass is independent of its position. The standard or 
unit of mass is (in the English system) the pound mass which is the 
amount of mass in a certain lump of metal that is carefully preserved in 
London. The unit of weight is the pound force which is the force required 


~=- Spring 
re eteee 


Fig. 2.—Force due to a pull; the spring balance reads 10 lb. 


to support the standard pound (mass) body at sea level and 45 deg. 
latitude. Weights are indicated by spring balances; masses are indicated by 
platform balances. Thus, if a pound mass were supported by a spring 
balance and carried to different elevations, the balance would show 


Fig. 3.—Draw-bar pull (force) on freight car. 


different weights for the same substance—if it were carried to the center 
of the earth it would read zero. But, if a pound mass were balanced on a 
platform scale against another equal mass, the two masses would balance 
at all points on or in the earth. 

It is a fact, however, that the weight of a body for different places on 
the earth’s surface varies, between the extremes, by only about 14 per 
cent. Hence, for all practical purposes, it may be assumed that the 
weight of a body is a measure of its mass. In this book, therefore, no 
distinction will, in general, be drawn between the mass of a body and its 
weight. The ‘‘pound” will be used to mean both “‘pound mass” and 
“nound weight.” 
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5. “Pressure’’ Is Force Per Unit Area, as the word is used in 
a technical sense; note that its technical meaning is different 
from its general meaning. If two substances are in forceful 
contact, the surface of contact of each substance forces or holds 
back the contact surface of the other. The intensity of the 
force at any point on the contact surface 7s called the pressure. 
If two solids (Sec. 50) are pushed against each other with a 
force and if, Fig. 5, the areas of contact are perfectly smooth 
plane surfaces, the force between the two solids is assumed to 
be of equal intensity throughout the entire area of contact. 
That is, each unit area of the contact surface is assumed to 
take its share of the total force between the two bodies. The 
force sustained by each unit area is called the pressure of 
contact. Now when a fluid (a liquid or a gas) is confined 
within a container, it will take the shape of the container—a 
liquid will contact with the sides and bottom of the container; 
a gas will contact with all of the interior surfaces of the con- 
tainer. The fluid will then exert a force against the container 
at every contact point. The intensity of the force at any point 
is called the pressure at that point. 


Notre.—Tue Term “Pressure” 1s GENERALLY Usep Onzty For 
Fiurps because it is doubtful whether the intensity of force between 
solids is ever uniformly distributed over the contact area as was assumed 
above. ‘There are certain kinds of solids, however, which behave some- 
what as do liquids and for which the term pressure is also often used— 
sand, soil, crushed rock, and similar finely divided substances are examples 
of such solids. 


6. Fluid Pressure At Any Point Is Equal In All Directions.— 
It is proved in text-books on physics that the same force 
is exerted upward, downward, or sideways upon a small area 
which is so moved about within a fluid medium that its center 
is always at the same point. This may be explained by the 
perfect freedom of movement of the particles (molecules, 
Sec. 50) of a fluid among one another. One particle of the 
fluid exerts the same force on the particles above, to the 
right, to the left, and (except for its own weight which is so 
very small) below it. Hence, the fluid pressure at any point 
is equal in all directions. At different points, however, the 
fluid pressures may be widely different. At any point the fluid 
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pressure depends on the height and nature of all fluids which 
are so situated above that point that they may produce 
pressure at that point. How fluid pressures are produced 
is explained below. 


EXPLANATION.—Imagine a huge square shaft or stack, AB Fig. 4, 
to extend from the bottom of a deep sea to the height of 60 miles above 
sea-level. Above this height we may assume 
that there is no air or atmosphere. Hence, 
eee 55, above the plane A there is nothing that could 
ee 50 | press down on the plane A. Between plane A 
= and plane C, however, exist a few particles, let 
us say, of the lighter gases which compose our 
atmosphere. ‘These particles are attracted to 
the earth by gravity. Hence, they push 
downward on the plane C. Therefore, each 
square inch or other unit area which goes to 
make up plane C, is subject to a force or 
pressure. Between planes C and D are more 
particles than between A and C—because of 
—~+-—-—0/ the compressibility of gases. Hence, there is a 
greater downward push on plane D than on 
plane C. Therefore, each square inch, say, of 
plane D sustains a greater force than does each 
square inch of plane C—that is, the pressure 
at Dis greater than that at C. The pressures 
on like planes below D would thus be greater 
as they are taken nearer to the sea-level. Thus 
the force acting downward on plane EH is due 
to the weight of the gasesin AH, Likewise at 
B = S (sea-level), the force pressing downward on 
Bottom OF > + the surface of the water would be that due to 

7 <-Deep Sea the total column of atmosphere AS. Each 

Fic. 4.—Illustrating why unit area of S would have to sustain its share 
fluids exert pressure. of the weight of the gases in AS. ‘The varia- 
tions of atmospheric pressure are given in Sec. 9. 

If, now, we consider a plane F at some distance below sea level, we find 
that there is acting down on this plane the weight of the water in SF 
besides the weight of the air in AS. The maximum pressure in the 
column would occur at the bottom plane B which is subject to the weight 
of all water in SB together with the weight of all of the air in AS. 

To summarize, it may be said that the deeper or higher the fluid column 
above a point and the greater the density of the fluid, the greater will be the 
pressure at that point. 


7. The Units In Which Pressures May Be Expressed are 
many. Since pressure is force per unit area and since forces 
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may be measured in pounds, tons, and the like and areas may 
be measured in square inches, square feet, and the like, we 
have such pressure units as pounds per square inch, pounds 
per square foot, tons per square foot, and others. Furthermore, 
since any given pressure may be considered as the equivalent 
of that due to a liquid column of a certain height, it follows 
that pressures may be expressed in terms of liquid-column 
height. Hence, we have such pressure units as inches of 
mercury column, feet of water column, and others. The rela- 
tions of the various pressure units are given in Table 19 and 
Sec. 18. 

8. The Numerical Expression Of A Pressure is, as explain- 
ed above, obtained by dividing the total force which produces 
the pressure by the number of area units in the surface over which 
the total force is uniformly distributed. This form of expres- 
sion ordinarily assumes that the force is distributed uniformly 
over a contact surface. Hence the formula: 

(1) P= My (pressure) 
Wherein: P = the pressure, expressed numerically in the 
given unit of weight per assumed unit of area. W = the total 
load or force, expressed in any assumed unit of weight, which 
is applied to produce the total load or force. A = the total 


.-Unit Pressure 
Between Bloc. 
oinol Toble=9Lb,. 
per Sq. In. 


= 


Sere ternenn 
Block andl loible=36Lb, 


Fig. 5.—lIllustrating ‘‘force” and ‘“‘pressure’’ in terms of pounds and square inches, 


surface, expressed in any desired unit of area, whereon the 
total force is uniformly distributed. 
Nors.—If, in For. (1), W = pounds and A = square inches, then P = 


pounds per square inch. Also, if W = tons and A = square feet, then 
P = tons per square foot. And so with other combinations of the units 


of weight and area. 
Norsr.—If the total non-uniformly distributed force which is imposed 
on a surface, is divided by the area of the surface then, the result will be 


the average pressure. 
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Exampie.—A certain 36-lb. block (Fig. 5) imposes a load or force of 
36 Ib. on the area upon which it rests. This area is 2 X 2 = 4 sg. in. 
é Hence, by For. (1), the average pressure exerted 

of apel 8 n= , _ by the block =P = W/A = 36 +4 =91b. per 


6------3* gree 


Sq. in. 

ExamMpLe.—A quantity of sand (Fig. 6) is 
poured into a box which is 3-ft. square inside. 
Thus the box has a bottom area of 3 X 3 = 9 sq. 
fit. The sand weighs 8 tons. Hence, the total 
load or force which it imposes on the bottom of 
the box is 8tons. Then by For. (1), the pressure 
which the sand imposes = P = W/A =8 +9 = 
0.889 ton per sq. ft. 


Z By pn 9. Atmospheric Pressure (Sec. 6) is the 


“otal Force, sland pressure which is exerted by the earth’s 
Byx-bions Eaters ~ atmosphere. This atmosphere extends for 


per So. Ft. 
h . . 
eek actecaee great, though unmeasured, distance (Fig 


“force” and “pressure” 7) above and enshrouding the earth’s sur- 
melas tons and face. The depth of the earth’s atmosphere 

has been estimated by different experi- 
menters; the estimates range from 30 to212 miles. Thisatmos- 
pheric pressure varies, according to the altitude, above sea-level, 
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Fic. 7.—Showing how atmospheric pressure decreases as the height above the earth 
increases. 


of the place at which the pressure is measured. At sea-level 
the atmospheric pressure at a temperature of 32°F. is, so tests 
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show, about 14.7 lb. persq.in. That is, a column of air, which 
has a cross-sectional area of 1 sq. in. and which extends from sea- 
level to the upper limit of the earth’s atmosphere, weighs 14.7 lb., 
or more exactly 14.696 lb. Thus see 

ENS Inches ‘Mercury ~Column 
we are (at sea-level) existing 28 203524432850. 32SB 
with a pressure of 14.7 lb. per en NEE 
sq. in. which is imposed by the 
fluid in which we live on all por- 
tions of our bodies. The same 
pressure is imposed on all things < pe 
which are about us. But we 
are, ordinarily, unaware of — "fit: 
the existence of this imposed a 
pressure in the same way that seeetats 
a fish is, probably, unaware of 
the existence of the water in 
which it lives. 
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Nore.—Tue Decrease Or Armos- 
PHERIC PRESSURE WiTH INCREASE 
In AuritupE (Fig. 8) is due to the fact 
that the depth of the atmosphere . pistes +H 
above an observer grows less as his 8 9 YN 2B 4B b 
altitude grows greater. The atmos- pine=Dhe are sobre Uber sin. 
pheric depth above aman in an air- Fie, 8.—Variation of atmospheric 
plane 2 miles above sea-level is 2 miles Pressure with altitude. (Due to the 
less than the atmospheric depth above ere aaa 
a man standing on the ground at sea- above the sea-level. Hence the graph 
level. The man at sea-level is under is not a straight line.) 
the pressure—14.7 lb. per sq. in.—due 
to the full depth of the atmosphere. The man in the airplane is 
relieved of the pressure due to the 2-mile depth of atmosphere beneath 
him and therefore (Fig. 8) the atmospheric pressure imposed on him is 


only about 9.6 lb. per sq. in. 


2400 


r 


Altituole 


10. Atmospheric Pressure Can Be Measured With A 
Barometer (Figs. 9 and 10). The barometer is an instrument 
which operates upon the principle (Fig. 11) of equilibrium 
between the weight of a column of mercury and the weight 
of a column of atmospheric air (Fig. 4) of the same cross-sec- 
tional area. Pressure which is read on a barometer is called 
barometric pressure or barometer reading. 
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over the open end of the tube. 
the tube, still covered by the thumb, 


mercury, M. 

tube is then inverted. 

removed. 

fall away from the closed end. 


1nsl 
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*-Mercury-Colurnn of 
1Sy, In. Cross-Section, 


Weighs 14.696 Lb, I-Filling Tube I- Inverted 
Fie. 11.—Equilibrium be- Fie. 12.—How a barometer may be 
tween column of atmospheric made. 


air and column of mercury of 
equal cross-section. 


Tube ---- 


i) Air-Tight-.. 
Chamber : 


Connection 
Vacuum 


Mercury” 
Fie. 13.—Height of mercury Fie. 14.—Mercury-column 
column decreases when air height remains the same for 


pressure is lowered. vertical or inclined tube. 
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space, S, above the falling column will be a practically perfect vacuum 
because there is no gas above the mercury. Hence the pressure on top 
of the mercury column will be practically zero. 

But the pressure beneath the mercury column, at its base on the line 
AB (Fig. 11) will be the pressure of the atmosphere. If the experiment is 
made at sea-level, when the temperature of the air is 32° F., this pressure 
will (Fig. 11) be 14.696 lb. per sq. in. Therefore, the mercury-column 
will fall until, due to its height (weight), it will also exert a pressure of 
14.696 lb. per sq. in. This condition of equilibrium will be attained 
when the mercury column falls to a height of 29.92 in. The nominal 
height of the barometer mercury-column at sea-level is usually taken 
as 30 in. 

If the experiment is made at a point two miles above sea-level, the 
atmospheric pressure (Fig. 8), due to the 2-mile diminution in the depth 
of the atmosphere, will be about 9.6 lb. per sq. in. Equilibrium will 
then be established when the mercury-column falls to a height of 19.55 in. 

If the mercury vessel of a barometer, constructed as above specified, 
be arranged in an airtight closed chamber with the mercury tube extend- 
ing out of the top (Fig. 13) and the air be partially exhausted from the 
chamber, the mercury column will fall just as it would if the barometer 
were carried to a higher elevation. With a perfect vacuum in the cham- 
ber, the top of the mercury in the tube will be at the same level as that 
in the dish. When the dish is exposed to atmospheric pressure, however, 
the vertical height of the mercury column remains the same (Fig. 14) 
whether the tube is inclined or vertical. 


11. The Aneroid Barometer (Fig. 15), since it is much more 
portable and less liable to derangement, is often used for 
sep -«-easuring atmospheric _ pressures, 
jee, instead of the mercurial barometer. 
This instrument may be so accurately 
‘2s constructed as to indicate a difference 
: of elevation of 2 or 3 ft. 


EXPLANATION.—The corrugated top (Fig. 
15) of the airtight cylindrical box, A, in which 
there isa partial vacuum, deflects slightly 
under changes in atmospheric pressure. 
This motion is transmitted, by a delicate 
Supportings lever system, F, to the pointer, P. The 

: FronTas scale is graduated to read in equivalent 
“Operating Roof : 
acer atiet inches of mercury column. In general, a 
Fia. 15.—Aneroid barometer, /0W barometer indicates stormy weather, and 
a high barometer fair weather. Hence, 
barometer readings may be of assistance in predicting weather 
conditions. 
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12. Pressure Gages Are Instruments For Measuring 
Pressures (Figs. 16 and 22). Perhaps the ae form of 


pressure gage is that shown in Fig. 16. 
This gage indicates the true (absolute, 
Sec. 15) pressure within the connected 
vessel. As is explained below, practi- 
cally all commercial pressure gages in- 
dicate the pressure difference between 
the actual pressure which is being 
measured and the atmospheric pressure. 


EXPLANATION.—The gage illustrated in Fig. 
16 is constructed in exactly the same manner as 
is a mercurial barometer (Sec. 10). Hence, it 
measures the pressure in a connected vessel ex- 
actly as does a barometer measure atmospheric 
pressure. If the pipe, P, is left open to the 
atmosphere the gage will measure the atmos- 
pheric pressure. If P is connected to a vessel 
wherein the pressure is less than that of the 
atmosphere, the mercury will stand at a lesser 
height in tube 7 than it would when P is open 
to the atmosphere. Likewise, if P is connected 
to a vessel wherein the pressure is greater than 
atmospheric, the mercury will rise higher in 7’. 
Hence, the height of the mercury column in T is 
a measure of the pressure in P. 

Unfortunately, the customary power-plant 
pressures could only be measured with such a 
gage as is shown in Fig. 16 by employing tubes, 
T, of lengths ranging from 20 to 60ft. Hence, 
such gages are not commonly employed. Fur- 
thermore, for many purposes, the true pressure 
within a vessel is not as useful as is the pressure 


4 No Other Gas 
“| Or Air In Tube 


Glass Tube... 


a Vessel In Which 
“1 Pressure Is To 
i| Be Measured 


Closed Dish 
<-Containing Mercury 


Fic. 16.—A simple form 
of pressure gage. (As 
stated in the text, pressure 
gages similar to this one 
are not commonly used, 
because more practical 
gages can be made. See 
Div. 19 on instruments.) 


difference between the pressure in the vessel and that of the atmosphere. 
Therefore, gages, Fig. 18, which indicate how much above or below 
atmospheric pressure a given pressure is, are universally used. Norn. 
—For a further treatment of pressure gages see Div. 19 on INSTRUMENTS, 


13. The Mercurial Manometer May Be Used For Indicating 
Pressures Above Atmospheric Pressure (Fig. 17). In the 
early days of steam-power, gages for indicating boiler pressure 
were made in this form. With such gages the difference, in 
inches, in height between the mercury levels in the legs of the 
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U-tube indicates, in inches of mercury column, the pressure 
above atmospheric pressure, in the vessel to which the instru- 
ment is connected. The operating principle of the mercurial 


{ ---Brass 
Qpen toh Ni a 
Atmos- ji Nii 
phere---|-Naig 
. | Open fo i Sear 
2 | Atmosphere Nil 
N i 
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aS 
N $ Pipe 
S Cormec tion: 
AS) ie 
Scoile---- 
Hollow---, 
tetal 
Chamber : 


18.—Mercurial 


Fig. 17.—Mercury gage for measur- Fia. 


ing pressures above or below atmos- 
pheric. (The scale, S, shows that 
in mercury column readings are almost 
exactly 2 X lb. per sg. in. readings; 
actually 1 lb. per sq, in. = 2,.036in. 
meroury column. 


power-plant 
vacuum gage. (Although this is called 
a& vacuum gage, it can also be used for 
measuring small pressures greater than 
atmospheric.. When the pressure in 
the chamber to which O connects is 
less than atmospheric, the mereury 
ascends in 72 and descends in 71 and 
vice versa. ) 


manometer renders the instrument inconvenient, however, for 
indicating gage pressures higher than about 10 lb. per sq. in.; 
for higher pressures the tubes would have to be too long. 
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Norn.—Mercorian Manometrers Arr CommMonty Usrep In Powrr 
Puants For Inpicatina Dreareres Or Vacuum (Sec. 16) which are pro- 
duced in closed vessels. Instruments (Fig. 18) used for this purpose are 
frequently called vacuum gages. With such instruments the difference 
in the heights of the mercury columns, in legs 7; and 7's, is an indication 
of the amount by which the external atmospheric pressure exceeds the 
absolute pressure within the vessel to which the instrument is attached. 

Notn.—Manometers For Mrasurina Very SMALL Pressure Dir- 
FERENCES ContTaIN WATER InstEaD Or Mercury.—Since mercury is 


Atmospheric 


* Pressure 
«Pointer Foot 


Fia. 19—A column of Fia. 20.—Combination pres- 
mercury supports a column sure-and-vacuum gage. 
of water 13.6 times as high. 


(Fig. 19) 13.6 times as heavy as water, a column of water having an 
approximate height of 13.6 X 30 = 408 zm. is required (Sec. 10) to bal- 
ance the pressure of the atmosphere. Hence, very slight pressure dif- 
ferences, which might not visibly affect the height of a mercury column, 
would produce quite observable variations in the height of a water column, 


14. Compound Pressure-and-vacuum Gages (Fig. 20) are 
employed in steam power plants. They operate on the same 
general principle as the Bourdon-tube steam gages which are 
discussed in Sec. 677. In the illustration the scale to the 
right, P, gives pressure readings. That to the left, V, gives 
vacuum readings. 

15. The “Absolute” Pressure existing at any point in a 
fluid medium is understood to mean the true total pressure 
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at that point—the term “‘absolute”’ being used to distinguish 
from ‘‘gage’’ pressure, which is defined in the following 
section. The absolute pressure may be (although it seldom 
is) measured with a gage like that of Fig. 16. The more 
customary method of determining absolute pressure is by 
measuring both the atmospheric pressure 
(with a barometer, Sec. 10) and the “‘gage”’ 
hes-zq- Pressure. Since ‘‘gage pressure”’ indicates 
only the pressure above atmospheric pres- 
sure and since ‘‘absolute pressure”’ is true 
total pressure, it is evident that: 

(2) Absolute pressure = (Atmospheric pres- 
sure) + (gage pressure) 

A negative gage pressure, when added, 
results in an absolute pressure which is 
less than the atmospheric pressure, as is 
explained in the following examples; see 
also Fig. 21. 


-=--Goge Pressure---------+-+ 


**> Absolute Pressure=/47+20.3=35 /bjper sq.in--) 


~4,3 
Tessure - 


Portial as ; : 
vacua ia Exampie.—lf a boiler contains steam at 100 
5 ewe Seiki per sq. in. gage pressure, as shown by the pres- 
ES ' gure gage on the boiler, and if the atmospheric 
VacumZZA_+ pressure at that location and time is 14.5 lb. per 


=i ¢ ote : 
Fic. 21.—Relation 4: in., then the absolute pressure within the boiler 


between gage and abso- = 100 + 4 Sie =) team lbs per sq. tn. absolute 
lute pressures. (abs.). 

Exampie.—lIf the vacuum gage attached to a 
condenser reads 26 in. of mercury column and the barometer (nearby) 
reads 29.5in. of mercury column, the absolute pressure within the condenser 
= 29.5 — 26 = 3.5 in. of mercury column absolute. 


16. The “Gage” Pressure existing at any point in a fluid 
medium is understood to mean the difference between the 
true (absolute, Sec. 15) pressure at that point and the pressure 
of the surrounding atmosphere. That is: 


(3) Gage pressure = (Absolute pressure) — (Atmospheric 
pressure) 


It is the pressure which is indicated by all commercial 
pressure gages, such as are shown in Figs. 17, 18, and 22. 
When such a gage is (Fig. 22) subject only to atmospheric 
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pressure it shows no pressure or, as is sometimes said, ‘‘it 
reads zero.” Hence, “zero gage pressure’? means ‘atmospheric 
pressure’’—14.7 lb. per sq. in. at sea level. Whenever such a 
gage is connected to a vessel wherein the pressure exceeds 
atmospheric pressure (Fig. 23) the gage indicates a positive 
gage pressure, which is generally called simply a ‘‘gage pres- 
sure.” If the gage is connected to a vessel wherein the pres- 
sure is less than atmospheric, it tends to indicate and will if 
designed therefor indicate a negative gage pressure, or simply a 


Registers , 
5Lb.per Sq.in. 
rGoge Pressure 


‘Welyhted Piston Pointer 
‘,  Heciol 


<Uncovereo Orolinorry 
».Enol Pressure Gages 


SSS SSS 


SJ Ss 


ZeroGboge 


Pressure 


‘Air Compresseolto Pressure 
“Above Normeil Atmosphere 
Fic, 22.—Zero gage pressure 


coincides with normal atmos- Fie. 23.—Gage registers pressure 
pheric pressure. above atmospheric pressure. 


vacuum—‘‘vacuum”’ being understood to mean “partial 
vacuum.”’ Gages which are used for measuring negative 
gage pressures are commonly called vacwwm gages. When 
compound pressure-and-vacuum gages (Sec. 14) indicate a 
vacuum, their pointers shift to the other side of the zero 
mark on the gage scale from the side of the mark on which 
pressures greater than atmospheric are indicated. 

17. Approximate Absolute Pressures In Pounds Per Square 
Inch May Be Computed From Ordinary Gage-pressure 
Readings by the following formula. To obtain the exact 
absolute pressure, the exact atmospheric-pressure value, at 
the location under consideration, in pounds per square inch 
must be substituted for the ‘‘14.7’’ value which is shown in 
the formula. 


(4) Py = Pe 14.7 (pounds per square inch) 


Wherein: P, = absolute pressure, in pounds per square inch. 
& 
2 
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Pe = gage pressure, in pounds per square inch. 14.7= 
average atmospheric pressure, at sea-level, in pounds per 
square inch. 


ExampiLe.—A steam gage connected to a boiler reads 150 lb. per sq. in. 
What is the approximate absolute pressure within the boiler? Soxurion. 
Substitute in For. (4): Pa = Pg + 14.7 =150+14.7 =164.7 Ib. per sq. 
in. =absolute pressure within the boiler. However, the stresses in the 
boiler shell are only those due to a pressure of 150 Ib. per sq. in. This 
is because the surrounding atmosphere presses from the outside against 
the shell in all directions with a pressure of 14,7 lb. per sq. in. 


18. To Reduce Water- And Mercury-column Pressures To 
Pounds Per Square Inch and Vice Versa, the following 
equations may be used: 


P 
(5) P= x5 X 14.696 = 0.491,2Py 


29.92 

(pounds per square inch) 
(6) Pu = oe 2.036P (inches of mercury column) 
(7) Py = 0.073,55P; (inches of mercury column) 
(8) Pr = 13.596Pxy (inches of water column) 
(9) Pr= 27.684P (inches of water column) 
(10)) Pp =*2.307P (feet of water column) 
(11) P = 0.036,13P, (pounds per square inch) 
(12) P = 0.433,5Pr (pounds per square inch) 


Wherein: P = the pressure, in pounds per square inch. 
Py = the height of the mercury column, at atmospheric 
temperature, in inches. P; = the height of water column, at 
atmospheric temperature, in inches. Pr = the height of water 
column, at atmospheric temperature, in feet. 


Nore.—Tur Customary Units For Mnasurina Pressures ARE: 
(1) Atmospheric pressure and partial vacuums are generally measured in 
inches of mercury column. (2) Gas pressures, when small, are measured 
in inches of water column. (3) Hydraulic pressures are frequently mea- 
sured in feet of water column. (4) Pounds per square inch is the general 
engineering unit and is used in nearly all work except that specified 
above and frequently also for some of the purposes given in (1) to (8). 
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19. Table Showing Relation Among Units Of Pressure.— 
The liquid columns are assumed to be measured at normal 
atmospheric temperature. 


Pounds | Pounds |Inches of|Inches of| Feet of 
Name of unit per per mercury | water water 

square | square | column | column | column 

inch, P foot Pm Pr Pr 
Pound per square inch,............. 1 144 |2.037 27.684 2.307 
Pound per square foot.............. 0.006, 94 1 0.014,1 | 0.192,2) 0.016 
Inch of mercury column............. 0.491,2 | 70.733 1 13.596 1.136 
Inch of water column............... 0.036,13} 5.203 |0.073,55 1 0.083,3 
OOO WALCE COMM «cnc .«iseoecee ci 0.483,5 | 62.424 |0.881,9 12 1 


EXAMPLES.—A pressure of 1 lb. per sq. in. =a pressure of 144 lb. per 
sq. ft. A pressure of 1 in. mercury column =0.419,2 lb. per sq. in. 


20. ‘‘Work” Is The Overcoming Of Opposition Through 
Space.—(Note that “work,” as the word is used in engineer- 
ing has a meaning different from its meaning in ordinary con- 
versation.) Work is done when force is overcome through 
distance. Whenever anything is moved, then work is done. 
When there is no movement, there is no work. To compute 
the work done in overcoming force through distance, two 
factors must be known: (1) The applied force. (2) The dis- 
tance. The distance must be measured in the same direc- 
tion as that of the force. 

21. Numercial Expressions Of Work may be obtained by 

multiplying the applied force by the distance through which 
the force moves. The force may, in practice, be expressed 
in any unit of force. The distance may be expressed in 
any unit of length. The wnzt of work is then formed by multi- 
plying together the given units of force and distance. Hence, 
the formula: 
(13) W =FL (work) 
Wherein: W =the work, expressed in the assumed unit- 
terms of the force and distance. F = the force, expressed in 
any assumed unit of force. L = the distance, expressed in 
any assumed unit of length. 

Norr.—If, in For. (13), 7 = pounds and Z = inches, then W = inch- 
pounds If F = pounds and L = feet, then W = foot-pounds, If F = 
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tons and L = miles, then W = mile-tons. If F = grams and LZ = centi- 
meters, then W = gram-centimeters. And so with other combinations 
of the units of force and length. 


22. The Unit Of Work Which Is Used Most Frequently 
in the United States is the foot-pownd. <A foot-pound is the 
work done when a 1-lb. force is 
overcome through a distance of 1 ft. 


Notrre.—Tue Merric Units Or Work 
Most FrequEenTLY UseEp are, (Table 4) 
the gram-centimeter and kilogram-meter. 
These units are largely employed in South 
America and in Continental Europe. 
They are now little used in America. 
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Fie. 24.—One foot-pound of work Fic. 25.—One foot-pound of work done 
done against gravity. against friction. 


Examprte.—A 1-lb. weight (Fig. 24) is lifted vertically to a height of 
1 ft. Here the opposing force (Sec. 2) is a gravity-pull of 1 lb. The 


Gas Burner---7 
Fra. 26.—Steam in kettle raising lid Fie. 27.—Doing work in lifting a 
and thereby doing work. shovel of coal. 


distance through which the opposition is overcome is 1 ft. Ilence, by 
For, (13) the work done = W = FL =1X1=1 ft-lb. = 1 unit of 
work. 
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Exampiy.—A block of iron (Fig. 25) is pushed through a horizontal 
distance of 1 ft., along a wood surface. ‘The friction between the iron 
and the wood develops an opposing force of 1 lb. Hence, by For. (13), 
the work done = W = FL = 1 X1 = 1 ft-lb. = 1 unit of work. 

Exampuie.—The lid of a kettle (Fig. 26) fits tightly. A total force of 
4 Ib. is required to lift it. The steam, which is generated in the kettle, 
pushes the lid upward 0.5 in. What quantity of work is done? Soxv- 
TI0on.—By For. (13), W = FL = 4 X 0.5 = 2 in -Ib. 

Exampie.—A man (Fig. 27) lifts a 
25-lb. shovel of coal 2 ft. from the floor. 
Hence, by For. (13), the work which he 
does = W = FL = 25 X 2 = 50 ft.-lb. 

Exampie.—A compressed-air hoisting 
cylinder (Fig. 28) lifts a 125 Ib. weight — Cylinder. 
16 in. Hence, by For. (18), the work ; 
done = W = FL = 125 X 16 = 2,000 
in.-lb. = 2,000 + 12 = 166.5 ft.-Ib. aca 
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23. “Energy” Is Capacity For 
Doing Work; this is the technical 
meaning of the word. Energy is 
ability to do work. It is stored 125 Lbs 
work. Any body or medium which 
is of itself, due to its position or 
state, capable of doing work, is Tamer 
said to possess energy. Workmust, ' : 
then, have been previously done : : 
on the body to change its state or De eis 2 
to give it the position whereby it #10. 28.—Work being done by 
possesses the capacity for doing ene 
work. It is impossible to create energy, nor can energy be 
destroyed. Hence, the amount of energy in the universe is 
always constant. 

Nors.—Enerey Is An AtrrisuTe Or Att Marrer.—lIt is inherent in 
matter. (Matter is anything which has weight or which occupies space.) 
This follows (Sec. 3) from the fact that position in space is a property of 
all matter. Therefore, since matter is (Sec. 39) universal, energy must 
likewise be universal. Just as there is a definite amount of matter in 
the universe, so is there a definite amount of energy in the universe. 
And just as the matter may exist in various aspects, so likewise may the 
energy exist in various aspects. 

24. “Energy”? May Be Expressed In The Same Units As 
Are Used To Express Quantities Of Work (Sec. 22).—This 
follows from the fact that energy is merely stored work, or 
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(Sec. 23) capacity for doing work. Thus the foot-pound is the 
commonly-used unit of energy as well as it is of work. 


EXxAMPLE.—Energy or work is stored in the ball of Fig. 29. Work was 
expended in lifting the ball 15 ft. Since the ball weighs 114 lb., the work 
done in lifting it from the table top to the 
position shown is, by For. (13): W = FL = 
a 1.5 X 15 = 22.5 ft-lb. The ball then, with 
respect to its original position on the table, 


\gall has 22} ft Lb. of 
Energy With Respect possesses 22.5 ft.-lb. of energy. Now, if 


| aes this elevated ball were attached to some 
2 machine, such as a clock, and permitted to 
° descend to the table top, 22.5 ft.-lb. of 
: work (neglecting friction) would be given 
up by and could be realized from it. 


25. There Are Two Fundamental 
Forms Of Energy, “Kinetic” And 
er Cente neers © “Dotential.””—These forms are, some- 
ergy due toits position. (Draw- , 
ing not to scale.) times called respectively energy of 
motion and fixed energy. Kinetic 
energy may be transformed into potential energy and vice 
versa. Bodies possess potential energy by virtue of their 
Water positions or conditions. 
y= ==-Reservoir Bodies possess kinetic energy 
f by virtue of their motion. 


ExamPies.—Since the now sta- 

tionary ball, W, shown in Fig. 29 

. may do work, if permitted to de- 
.--Discharge : a 

Pipe scend, it possesses potential energy, 

due to its position. The main 

spring of a clock may possess 

potential energy, due to its con- 


Water Wheels, 


Brass Shell-~, 


Energy” 


Fie. 30.—Energy of water from reservoir F1q@. 31—Powder in the rifle cartridge 
driving water wheel. possesses potential chemical energy. 


dition of being wound. Water in a reservoir (Fig. 30) has energy, 
due to its position. Powder (Fig. 31) has potential energy, due to its 
explosive properties. A bullet projected from a gun has kinetic energy, 
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due to its motion, and is, thereby, able to pierce (Fig. 32) an iron 
plate. In so doing, part of its kinetic energy is converted into the work 
of piercing the plate. A falling hammer (Fig. 33) has kinetic energy. 

Nore.—Enerey May Be Fourrser Divivep Inro mechanical, chem- 
ical, electric, radiant, and heat energy. Each of these forms will be dis- 
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Fie, 32.—Energy of rapidly moving bullet Fie. 33.—Kinetic energy of falling 
enables it to pierce iron plate. hammer drives tacks. 


cussed in following sections. As explained in the following section, any 
one kind of energy may, by employing suitable machines or processes, 
be transformed into any other kind of energy. 


26. Energy May Be Transformed From One Kind To 
Another.—Whenever there is motion there is energy trans- 
formation; all mechanical processes offer examples of it. Our 
everyday life is simply a succession of such energy transforma- 
tions. Sometimes a process may be traced through an entire 
long series of energy transformations. 


Examp.es.—A man eats a meal; a portion of the meal goes toward 
building up his muscular tissues thus storing chemical energy therein; he 
picks up a ball from the ground thus imparting potential energy to the ball; 
he throws the ball into the air thus imparting kinetic energy to the ball. 
The energy which was imparted to the ball was derived from his muscles. 
The kinetic energy of the ball, after he releases it, gradually becomes 
transformed into potential energy as the ball rises. Soon the ball ceases 
to rise. It begins to fall—it again acquires kinetic energy, this time at 
the expense of its potential energy. Having struck the ground, the ball 
has lost all of its potential energy (we may say, see also Sec. 85) but it 
now possesses much kinetic energy. It may deform the earth where it 
strikes and thus heat the ground and itself. Eventually, probably, all 
of the chemical energy which the man expended in lifting and throwing 
the ball will be transformed into heat energy. But this heat energy is 
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given to the earth or our atmosphere where it remains until it has a chance 
to dofurther work. It may stimulate plant life and thus help to produce 
more of that substance from which the man derived his chemical energy— 
that is, his food. Thus, the transformation of energy will, perhaps, go on 
forever. See also Table 33. 

Nots.—Tue Strate In Wuice Marrer Exists May CHanee.—So 
also, the state in which energy exists may change. What is now liquid 
iron, of a pale orange color in the pouring-ladle, changes to plastic iron, of 
a cherry-red color in the mold, and again to hard grey iron in the finished 
casting. So, likewise, what is now chemical energy in a coal pile may 
be changed to mechanical energy by a steam engine, thence to electrical 
energy by a dynamo, and, perhaps, to active heat and radiant (light) 
energy in an electric lamp. 

27. Mechanical Energy is that form of energy which may be 
realized directly as mechanical work. A watch spring, when 
wound, is capable of doing mechanical work in unwinding; 
it possesses potential mechanical energy. A rotating flywheel 
has energy of motion; it does the work of carrying the moving 
parts of an engine onward at the instants when the connect- 
ing rod is passing the dead centers. It has kinetic mechanical 
energy. See Table 33. 

28. Chemical Energy (sometimes called ‘‘Internal’’ energy) 
is the energy which is normally “‘bound up” within the mole- 
cules of all substances. When a chemical process or reaction 
—a rearrangement and transfer of the constituent atoms of 
the molecules (Sec. 155)—occurs, some of the internal chemical 
energy may thereby be automatically released from the mole- 
cules of the substances which participated in the reaction. 
Then this chemical energy will be automatically transformed 
into heat energy, electrical energy, or mechanical energy—as 
determined by the reaction and the conditions under which 
the reaction occurred. Conversely, to effect certain other 
chemical processes it is necessary to add energy—heat energy, 
electrical energy or mechanical energy—to the substances 
involved to cause the transfer and rearrangement of the atoms 
of the molecules necessary to produce the new desired sub- 
stances. When energy is thus added to substances to effect 
a chemical reaction, it then becomes ‘bound up” or latent as 
chemical energy within the molecules of the new resulting 
substances—and will remain so—unless part or all of it is later 
released, and transformed into some other kind of energy, 
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by some subsequent chemical process. These phenomena 
are further discussed in Sec. 157. See also Sec. 437 and Sec. 
461. 


Exampies.—The burning of any fuel is a chemical process, combustion 
(see Div. 14). Combustion is a chemical union of oxygen with the fuel 
substance; the usual products are heat energy, a gas called carbon dioxide, 
other gases, and water. When combustion occurs part of the chemical 
energy which was stored in the fuel and in the oxygen is liberated as heat 
energy. 

By the mechanical rubbing of silver chloride, a solid, it can be decom- 
posed into silver, a metal, and chlorine, a gas. Heat energy from the 
friction of the rubbing, is absorbed, partly by the silver and partly by the 
chlorine, during this chemical process. The absorbed heat energy then 
resides latent in the chlorine and the silver. Mechanical energy has been 
transformed into chemical energy. 

Powder (Fig. 31) possesses a large amount of chemical energy which 
may be liberated and utilized ultimately as mechanical energy to force a 
bullet out of a shell and through a rifle barrel; when the powder burns, 
it is converted into a gas at a very high temperature and pressure; the 
pressure imparts motion to the bullet. When an electric spark is formed 

in a suitable gas mixture in a gas 

engine (Fig. 34), an explosion results. 

This is a manifestation of chemical 

energy being transformed into me- 

~-Spark — chanical energy. The high pressure, 
Ignited Gas thus developed above the piston, 
We ne results, finally, in the rotation of the 
crankshaft. When a zinc bar and 


Spark Plug. 


Fic. 34.—Energy developed by gasengine Fia. 35.—Electric current circulated due 
as a result of chemical reaction. to chemical energy. 


copper bar (Fig. 35) are immersed in certain acid solutions, a chemical 
action results which forces an electric current to flow—an example of the 
transformation of chemical energy into electrical energy (see also Table 
33) 


26 PRACTICAL HEAT [Drv. 1 


29. No Change In Chemical Composition—That Is, No 
Chemical Reaction—Can Occur Without The Liberation Or 
Absorption Of Energy.—The energy may be either heat, 
radiant, electrical, or mechanical energy, or some combination 
of them, depending on the reaction and the conditions under 
which it occurred. The preceding sums the results of many 
experiments. In this book it is, principally, the liberation 
and absorption of heat energy which are of rs which 
is further treated in Sec. 156. 

30. Electrical Energy is, in the kinetic form, the energy 
possessed by a current of electricity. Or, in the potential 
form, it is the energy possessed by a “‘charge”’ of electricity, 
stored in a condenser. Since an electric current is a flow of 
electricity—electricity in motion—such a current has kinetic 
energy. ‘The energy of an electrical charge stored in a con- 
denser is potential. This follows, since such a charge is, for 
the time being, fixed or stored. 


Norr.—An electric generator (Fig. 36) is a machine which transforms 
mechanical energy into electrical energy. Mechanical energy may be 
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Fie, 36.—Illustrating conversion of energy—electrical energy transmitted from 
generator to motor. 


imparted to the generator by an engine, turbine, or waterwheel. The 
generator, thus driven mechanically, forces an electric current (a stream 
of electrons, Sec. 42) to flow in the circuit. Thereby electrical energy is 
developed. Electrical energy may be reconverted into mechanical 
energy (Fig. 36) by electric motors. Electromagnets and electric heaters 
convert electrical energy into magnetic energy and heat energy, 
respectively. 


31. Radiant Energy is the name which is given to that form 
of energy propagation from a hot body, by waves in the 
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ether, which produces the sensations of “light”? and “heat” 
when the waves strike objects. Hence, radiant energy is 
classified as a form of kinetic energy. The action of light 
causes certain chemical changes. For example, light acting 
on a photographic plate (Fig. 37) induces chemical changes 
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Fia, 37.—Light energy affects photographic plate. 


which render photographs possible. Light acting upon plants 
causes them to grow and assume characteristic colors. See 
Div. 5 ‘Transfer Of Heat’’ for further discussion of radiant 
energy. 
Nore.—Txe Earrn’s Principan Source Or Rapiant Enerey Is 
Tue Sun (Sec. 65). 
32. Heat Energy Or Heat (Fig. 38) is, as explained in 
Div. 2., believed to be a condition of motion. The molecules 
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Fie, 38.—Heat energy from fuel converted Fie. 39.—Heat energy raises the 
into mechanical energy by engine. temperature of a body. 
of all substances are (except theoretically at absolute zero. 
Sec. 61), vibrating constantly and separated from one another. 
This vibration and separation produce the phenomena of heat, 
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The speed of vibration of the molecules of a substance deter- 
mines its temperature (Sec. 55). Hence, the vibration of the 
molecules is kinetic heat energy. The separation of the 
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molecules is a state of potential 
heat energy. These ideas are 
explained at greater length in 
Div. 4. See examples of heat- 
energy transformations in Table 
33. 


Notr.—Various PHENOMENA RBE- 
suLT From ApriicaTions Or Hat 
Enrrcy.—The temperatures (Fig. 39) 
of substances are raised thereby. By 
the addition of heat, substances are 
changed from a solid to a liquid con- 
dition, or (Fig. 40) from a liquid to a 
gaseous or vaporous condition. When 


Fie. 40.—Heat energy changes a heated, bodies are caused (Sec. 159) 
liquid to a vapor and thereby does to expand or increase in volume. 


mechanical work. 


These phenomena are discussed in 
detail hereinafter. 


33. Table Of Examples Of Energy Transformations.—The 
examples here given are not to be understood as being the only 
instances of the transformations which they illustrate. (From 
Tue THERMODYNAMICS OF HEAT-ENGINES by Reeve.) 


Transformation 
Example 
From To 
Heat The heating of a body subjected to friction or impact. 
Mechanical........ Electrical The electric generator or the glass-plate electric 
machine. 
Chemical The setting-off of a detonating compound, such as 
fulminate of mercury or nitroglycerine. 
Heat The heating of any conductor by the passage of an 
electric current; the electric heater. 
Electrical yo. ac: Chemical The electrolysis of a chemical compound by the 
passage of a current, as in electroplating or in 
the charging of a storage battery. 
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Transformation 
Example 
From To 
Electrical......... Mechanical | The electric motor; the solenoid. 
Heat The combustion of fuels; animal heat. 
@hemicals....5... Electrical The evolution of an electric current from a battery. 


Mechanical | Animal activity; the evolution of a gas from the 
combination of two solids or liquids as in the chem- 
ical fire engine. 


Electrical The thermopile or thermocouple (pyrometer). 


TOR Gite cia leie ve a0) oe Chemical The lime-kiln; the growth of vegetation. 


Mechanical | The expansion of a heated body; the steam engine. 


Note.—THERMODYNAMICS is that. branch of physical science which 
treats of the relation between heat and mechanical work. Hence, 
the portions of this book which consider the relation between these 
two forms of energy constitute, in reality, a treatment of elementary 
thermodynamics. 


34. The Distinction Between Energy And Work dwells in 
the simple concept that work is a manifestation of energy. 
Work and energy—since they are both measured in the same 
unit, the foot-pound for example—are sometimes confused 
one with the other. Energy (Sec. 23) is a common property 
of all matter (note subjoined to Sec. 23). In fact, there is a 
recent theory, which is gaining recognition, that all matter is 
simply motion. If the theory is accepted, then all matter 
would be energy. Work (Sec. 20) is the medium through 
which the energy which resides in any portion of matter reveals 
its presence. When a quantity of energy is dormant, that is, 
when it is potential energy (Sec. 25), then work, so far as that 
particular quantity of energy is concerned, is in abeyance. 
The dormant energy may then be said (Sec. 23) to impart 
capacity for doing work to the body of matter within which 
it resides. When the same quantity of energy is active, that 
is, when it is permitted to overcome opposition through a dis- 
tance, that energy is revealed as work. The active energy 
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may then be said to have developed or vitalized its dormant 
capacity for doing work. 

35. “Power,” in its technical sense, is the rate of doing 
work. In work and energy only two factors, i.e., force and 
distance, are the elements. In power there is a third factor, 

e., time. Observation proves that a machine which does a 
certain amount of work in 1 min. must be larger—more power- 
ful—than another which does the same work in 2 min. A 
small machine may ultimately do the same amount of work 
as a larger one, but the small one requires more time to do it. 
The power of a machine is, then, determined by calculating 
the work which it does per unit of time. Hence the formula: 

Ww 


(14) aie" (power) 


Wherein: P = the average power expenditure, during the time 
interval t, expressed as a number of work units of the given 
denomination, per the selected unit of time. W = the work 
done during the time interval ¢, expressed in any desired unit 
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Fie, 41.—Example of power required to pump water. 


of work. ¢ = the time, expressed in any desired unit of time, 
in which the given quantity of work, W, is done. 


Norz.—If, in For. (14), W = foot-pounds and ¢ = minutes, then P 
= foot-pounds per minute. If W = inch-pounds and ¢ = seconds, 
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then P = inch-pounds per second. If W = mile-tons and ¢ = days, then 
P = mile-tons per day. And so with other combinations of the units 
of work and time. 

ExampLe.—To get water into a tank (Fig. 41) the water must be 
lifted 35 ft. The pump-lever makes 20 strokes per min. The quantity 
of water pumped at each stroke is 121b. What is the rate of doing work, 
that is, what power is being expended while the water is being pumped? 
SoLuTion.—By For. (18), the work done at each stroke = W = FL = 
12X 35 = 420 ft-lb. The time consumed in doing this quantity of 
work = 1 + 20 = 0.05 min. Hence, by For. (14), the power developed 
=P = W/t = 420 + 0.05 = 8,400 ft.-lb. per min. 


36. The “Horsepower” Is A Unit Of Power.—Any unit 
of power is an expression for a certain amount of work (Sec. 
20) done in one unit of time. The unit of power which is 
commonly used in engineering is the horsepower. By defini- 
tion, the horsepower expresses the doing of work at the rate of 


33,000 ft.-lb. per min. That is, when work is done at the rate 
of 33,000 ft.-lb. per min., the power being expended is then 1 
hp. Note that 1 hp. = 550 ft.-lb. per second = 33,000 ft.-lb. 
per minute = 1,980,000 ft.-lb. per hour. 

Notr.—Tue Horserowrer Unit Was Formunatep By James Wart 
as a basis from which to compute the capacities of engines for mine 
service. From empirical data whioh he had obtained, Watt calculated 
that a heavy draft horse, of the breed which had previously been generally 
used for hoisting coal out of mines, could do work regularly at the rate 
assumed, viz., at the rate of 33,000 ft.-lb. per min. It was later deter- 
mined, however, that this assumed unit is much above the average daily 
working capacity of horses. 

Nots.—Tue Unir or Power Wuaica Is Grneratty Usep In 
Tur Merric System is the kilogram-meter per second. One meter 
= 39.37 in. 

37. The Average Power, In Horsepower Units, Which Is 
Developed By Any Apparatus Or Agency For Doing Work may 
be computed by the following formula: 

FL 
(15) P = 33 0008 
Wherein: P = the average power, or rate of doing work, in 
horsepower, during the time interval, ¢, in which the work is 
done. F = the applied force, in pounds. L = the distance 
through which the force acts, in feet. ¢ = the time, in minutes, 
during which the force is applied. 


(horsepower) 
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Norr.—The nominal rate at which a steam engine or other apparatus 
does work is conventionally spoken of as its horsepower rating. 


Examp.e.—The number of pushes and pulls, per minute, of an engine 
piston (Fig. 42) is 60. The average total force on the piston is 6,000 lb. 
The length of the stroke is 10 in. What horsepower is being developed 
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Fie. 42.—Example of power development Fie. 43.—Power developed by an 
by a steam engine cylinder. overshot water wheel. 


while the engine is in operation? Sonution.—The distance traversed 
by the force, per minute = 60 X 10 + 12 = 50 ft. Hence, by For. (15), 
P = FL/33,000¢ = (6,000 X 50) + (33,000 X 1) = 9.09 hp. 


Exampie.—The effective weight of water flowing from the trough of 
an overshot wheel (Fig. 43) is 4,000 lb. per sec. The vertical distance, 
through which the water falls, is 8 ft. 
What horsepower is being developed? 
Sotution.—The given time = 1 sec. 
= 169 min. Hence, by For. (15), P 
= FL/33,000¢ = (4,000 x 8) + 
(33,000 X 160) = 58.18 hp. 

Exampty.—A loaded elevator (Fig. 
44) weighs 800 lb. A motor lifts it 6 
ft.-6 in. in 80 sec. What horsepower 
is the motor developing? Soxiutton. 
—The given distance = 6 ft. 6 in. 
= 6.5 ft. The given time = 80 sec. 
= 8%) = 0.5 min. Hence, by For. 
WAS as (15), P = FL/33,000 = (800 xX 6.5) 
Fia. 44.—What power is required + (33,000 X 0.5) = 0.815 hp. 

to raise the ash-lifting elevator? Exampite.—A motor is belted to 

a machine. The belt travels 450 

ft. per min. The difference, in tension, between the two sides of the 

belt is 50 Ib. What horsepower is being transmitted? So.urion.— 
By For. (15) = FL/33,000¢ = (50 X 450) + (33,000 X 1) = 0.68 hp. 
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QUESTIONS ON DIVISION 1 


1. What is force? What effect does it have upon a moving body? Give examples. 
2. What are the common units of force? Give examples. 
8. What is pressure? What kind of substances are generally spoken of as exerting 
pressure? 
4. How does the fluid pressure at a point vary with the direction in which it is 
measured? 
5. State two general classes of pressure units and give examples of each. 
6. What is atmospheric pressure? How isit measured? Give a general description 
of the mercurial barometer. 
7. Why is a man standing on the ground under a heavier atmospheric pressure than 
a man flying in an airplane? 
8. What are pressure gages? Explain two ways in which pressures may be measured. 
9. What is gage pressure? Absolute pressure? State how each is measured. 
10. Define work. What factors are needed in calculating the amount of work done? 
Explain with an example. 
11. What is the unit of work? State examples of its application. 
12. Give and explain the formula for computing work. 
13. What is energy? Can it be destroyed? 
14. What is the unit of energy? Give an example of its application. 
15. What is meant by kinetic energy? Give example. Potential energy? Give 
example. 
16. Give practical examples of mechanical energy and tell whether they are kinetio or 
potential. 
17. What is meant by chemical energy? Give example. 
18. Give an example of kinetic energy in electrical form. Likewise potential energy. 
19. Why is light classified as a form of energy? 
20. Discuss heat with reference to energy. Is heat energy? 
21, What is power? How is the power of a machine determined? Give an example. 
22. What is the principal unit of power? Give an example of its application. 
23. Give and explain the formula used in power calculations. 


PROBLEMS ON DIVISION 1 


1. What force, in pounds, is required to lift, vertically, a cart of coal which has a 
total weight of 1 (short) ton? 

2. Is a wrench, which is lying on the floor and which weighs 5 lb., subjected to any 
force? What effect is due to the weight of the wrench? 

8. An engine with its concrete foundation weighs 20,000 Ib. Its base area is 50 
sq.ft. What pressure, in terms of the weight and area as here given, does the foundation 
impose on the supporting soil? 

4, A steam gage registers 128 lb. per sa. in. What is the absolute pressure? (As- 
sume standard atmospheric pressure. ) 

5. What pressure, in pounds per square inch, is indicated by a barometer reading of 
28.5 in. of mercury column? 

6. What height of mercury column will balance a 30-ft. water column? 

7. If the man in Fig. 2 pulls 12 lb. with his left hand, what will he be pulling with his 
right? Why? 

8. If a car loaded with coal, weighs 100,000 lb. and the resistance to rolling totals 
5 per cent. of its weight, how much draw-bar pull will be required to keep the car moving 
slowly? 

9, If a bucket of coal weighs 50 lb., how much work will be required to carry it up 
a set of steps to a point which is 15 ft. higher? 

10, A punch exerts an average push of 35,000 Ib. in punching a hole in a piece of armor 
plate 34 in. thick. How much energy is required to punch the plate? (Assume that 
the 35,000 lb. is exerted through the }4-in. distance.) 

3 
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11. The tension of one side of a belt is 65 lb., and on the other 140 lb. The belt is 
traveling 300 ft. per min. What is the horsepower transmitted? 

12. What is the horsepower of the head end of a steam cylinder, when the average 
pressure on the piston rod is 3,500 Ib., the stroke 15 in., and the revolutions per minute of 
the flywheel, 90? 

13. A pump will deliver 1,500 gal. of water per minute to a water level, 350 ft. above 
the pump. If water weighs 8.3 lb. per gal., at what rate is the pump doing work, in 
foot-pounds per minute and in horsepower? 

14. A 6-hp. motor is used to pump water from a well 75 ft. deep. If the motor is 
running at full capacity, and all losses neglected, compute the number of gallons of water 
raised in three hours. (Water weighs 8.3 lb, per gal.) 


DIVISION 2 


MATTER, HEAT, TEMPERATURE 


38. A Knowledge Of Certain Fundamental Concepts 
Regarding The Material World Is Necessary To An Under- 
standing Of The Phenomena Of Heat.—If the various sub- 
stances or materials which we recognize about us, such as air, 
tron, wood, water did not exist, there could be no heat, for heat 
is a condition of materials. The heat sensations which we 
experience, as emanating from substances, are manifestations 
of this condition. 

39. “Matter” Is That Of Which Every Substance In The 
Material World Is Formed; this is the technical definition of 
matter. But all matter is not of one kind. Different kinds 
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Fic. 45.—Different substances all made up of matter. 


of matter (Fig. 45) form different substances. Thus there are 
thousands of different kinds of matter. 


Nore.—A Sussrance Is AnyraHina Wuicw Has Weiaut Anp VoL- 
uME.—Therefore, anything that has weight, and which occupies space, is 
matter. Consequently, anything that can be recognized by sight, touch, 
taste or smell is matter. But not all substances are evident to the four 
senses here enumerated. Many substances, as air and oxygen, are quite 
unapparent to these senses. Yet such substances have weight and 
occupy space, and hence are matter. 

35 
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Nors.—Unrversau Space Wuicu Is Nor Occurimp By Marrer Is 
Occuriep By AiruEr (Sec. 46). Hence, the universe comprises only two 
fundamental components: (1) Matter. (2) Aither. 


40. Matter Is Composed Of Minute Particles Called Mole- 
cules.—These particles are so small that one of them, if it 
were possible to separate it from all others, would be invisible 
even under the most powerful microscope. It is not antici- 
pated that magnifying instruments strong enough to render 
molecules observable to the human eye will ever be perfected. 


Nore.—Tue Moxecures Or DirFERENT SUBSTANCES, as wood, glass, 
steel, rubber, air, oil, are differently constituted. There are as many 
kinds of molecules as there are substances or kinds of matter. 


41. Molecules Are Composed Of Smaller Particles Called 
Atoms (Fig. 46). Atoms are, probably, as much smaller 
than some molecules as molecules 
are smaller than the smallest 

ag (®) particle of matter which may 

<e) : be discerned through the strong- 
_.-~Hyolrogen Atom est microscope yet produced. 
Only a few more than about 80 

different kinds of atoms have 
thus far been isolated (from 

Fie. 46.—An imaginary picture of atoms of different kinds—a 
the molecules of water each of which is . 
composed of three atoms—one of oxy- single atom has not been 
en Sade ie ptkede ue isolated) and identified. It is 
cules move about—often cothdings said that no more than 92 

different kinds are possible. All 
matter is, therefore, built up of molecules in which one or 
more of these 92 different kinds of atoms subsist in various 
combinations and arrangements. 


oO. ---Oxygen Aform Horeculeas 


Ne4------Hyolrogen Atom | Worter(H, 


Nors.—A Svusstance Tur Mo.tecutes Or Wuice Arn ComposEp 
Or Bur OnE Kinp Or Atom Is Cauitep An Exement (Table 42). The 
molecules of most substances, as soap, rubber, steel, brick, flesh, albumen, 
are composed of more than one kind of atom. The molecules of a sub- 
stance may contain hundreds of atoms, even though many be of one kind. 
The molecular composition of every substance, as regards the kinds of 
atoms and the numerical combinations thereof, is invariable for that 
substance. Generally, when the molecular composition of a substance is 
changed the nature of the substance likewise is changed. 
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42. Table Giving The Most Common Chemical Elements, 
With Symbols. 


Element tee Element st Element Sai 
Aluminum..... Al Bhyorines...,...- F Nitrogen...... N 
Antimony...... Sb Glucinum..... Cl Oxy eeneemeer ss bo 
PSE BOM tarceioes 3's A (Golders oo Au Phosphorus... .| P 
Arsenic........| As Helium’, %0).20: He || Platinum...... Pt 
Bani eerie ban y.drogeniss H Potassium..... Kk 
Bismuth, ....:..|| Bi llodine Sec I SUNCOM: aos whet Si 
Bromine......-| Br Ione ee ere eee SHMGeeeocedoaall WAS 
Calcium........- Cavrll Mead 45s a Pb SOdiumepeee Na 
Carbon... Cc Lithium....... Li Sulphur... S 
Chlorine....... Cl Mapnesium:....| vig ||| Tini ceases || on 
Chromium.....| Cr Manganese....| Mn || Tungsten...... W 
Wobaltae cs. ccc Co {| Mercury...... Wales, WiWAbienose su sus Zn 
Copperaeaccc:. - Cuma aNickeleeaer | aNd 


Note.—Every Atom Is Br.tizvep To BE ComposEeD or SMALLER 
PARTICLES CALLED ELECTRONS TOGETHER WiTH A Positive N UCLEUS.— 


Smellest 
Porticle 

Visible 

with of 
Microscope .°" 


zach 
Molecule 
-Hydrogen -Uranium 2 
: bie ft Ntom RM Storch (Largest) Molecule 
Fie. 47.—Comparison of sizes of Fie. 48.—Comparative sizes of 
smallest and largest atoms and largest molecule and smallest micro- 
molecules (Comstock & Trowland). scopically visible particle (Comstock 


& Trowland). 


38 PRACTICAL HEAT [Drv. 2 


An electron is a natural particle of negative electricity. The electrons 
which compose an atom are presumed to rotate in regular orbits about a 
center or nucleus of positive electricity of the atom, in much the same way 
as the four moons rotate around the planet Saturn. Hence it appears 
that, in its ultimate composition, all matter is, probably, composed of 
electricity. In the discussion which follows, the atom will be regarded as 
the ultimate division of matter. The electron theory is explained in the 
author’s PracTicaL ELECTRICITY. 

Norr.—Atoms (Fig. 47) have an average diameter of about one 
one-thousand-millionth (4 ,000,000,000) of an inch. A molecule of salt 
has a diameter of about one ten-millionth (0,000,000) of aninch. The 
smallest particle of matter (Fig. 48) that can be viewed through a 
microscope has a diameter of about one hundred-thousandth ({ 00,000) of 
an inch. It is estimated that a cubic inch of air contains between 16 
billion billion (16,000,000,000,000,000,000) and 16 thousand billion billion 
(16,000,000,000,000,000,000,000) molecules. 


43. Neither The Molecules Which Form A Substance Nor 
The Atoms Which Form The Molecules Are In Contact With 
One Another.—Relatively large spaces intervene between 
neighboring atoms, and between neighboring molecules, even 
in the most compact of solid substances. 


Norr.—NotwitHstanpING THAT IMMENSE DisTANcES, CONSIDERED 
In A RELATIVE SENSE, SEPARATE THE ATomMs WuicH Form A Mo.uEcuts, 
a mutual attraction, probably of an electric nature, still prevails among 
them. This mutual attraction will continue in force as long as the requis- 
ite number of atoms, to form the particular kind of molecule, are present, 
and no abnormal condition develops. The attraction may be strong or 
weak. Ifthe latter, the molecules of a substance, if composed of different 
kinds of atoms, may be broken up by heat or by chemical or electrical 
means and then the different kinds of atoms may group by themselves 
to form molecules of the elemental substances (Table 42). Or, by 
similar methods, atoms may be added to the molecules of a substance, and 
another kind of substance be thereby produced. 


44. The Molecule Is The Structural Unit By Which Sub- 
stances Are Differentiated From One Another.—A molecule of 
water is composed (Fig. 46) of two atoms of hydrogen and one 
atom of oxygen. The composition of water molecules, from 
these elements alone and in these proportions, is absolute 
and invariable. Hence, molecules so constituted differentiate 
water from all other substances. Similarly, a molecule of 
common salt is composed of one atom of sodium and one atom 
of chlorine. This, likewise, is an atomical arrangement, in 
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the composition of salt-molecules, which is precise and 
unalterable. Therefore, in this particular composition and 
arrangement lies the inherent difference between common salt 
and all other substances. 

Norre.—TueE Numer Or Atoms In A Mo.ecute may be few or many. 


Thus, each common-salt molecule is composed of but 2 atoms, while each 
white-of-an-egg molecule is composed of about 1,000 atoms. 


45. Motion Is An Attribute Of Molecules And, Probably, 
Also Of Their Component Atoms.—Upon this important 
concept is predicated much of our knowledge regarding heat 
phenomena. Whether or not the atoms within a molecule are 
in motion with respect to one another is not definitely known. 
The molecules are supposed to be in motion except at the 
theoretical absolute-zero temperature (Sec. 61), at which 
temperature they are supposed to become motionless. 

Notrt.—Mo.ecuies May Foittow Reeurar Patras ALonG STRAIGHT 
Or Curvep Linas, or their movements may be very erratic and irregular. 
In the latter alternative, the movements of molecules may be compared to 
those of individuals rushing hither and thither in a panic-stricken throng, 
now colliding with one another and now recoiling from the impact. 

Note.—Tue Sprep Or A Hyprocen Mo.Lecute at 32° F. is about 


114 mi. per sec. or nearly 6,000 ft. per sec. Mercury molecules move at 
about {9 the speed of hydrogen molecules, or about 400 mi. per hr. 


46. Aither Is The Name Given To That Which Fills All 
Universal Space Unoccupied By Matter.—It occupies the 
infinitesimal—though large as compared with the size of the 
molecules—spaces which intervene between the atoms 
and molecules of substances, as well as the incon- 
ceivably vast reaches of interstellar space. Nothing is 
definitely known regarding the precise nature of ether. It 
is believed to be devoid of weight. Being thus imponderable, 
—without sensible or appreciable weight—it cannot (Sec. 
23) be regarded as matter. 

Notr.—Tue Spaces Between Toe Atoms Anp Motegcutns of 
compact substances, as glass and steel, are not large enough to permit 
ingress of air molecules. But, on the basis of the common-sense assump- 
tion that an absolute void can nowhere exist, there must be something 
within these spaces. This something is what is called ether. 

Nore.—Accorpine To Certain LATER THeEortss It Is CLaimeD THAT 
Tuere Is No #THER.—It is said to have been proved by Einstein’s theory 
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of relativity thatthere is no ether. But whether or not there is an ether 
depends upon the definition which is accepted for ‘‘ether’’— upon the 
properties which this hypothetical ether is assumed to possess. Various 
definitions and properties have been proposed for the ether. As a 
matter of common sense there must be something, in the space of the 
universe which is not occupied by atoms, whereby light waves, heat 
waves, electric waves, and magnetic waves are transmitted. (The 
scientists are reasonably certain that these waves can be readily trans- 
mitted through a perfect vacuum.) It is inconceivable that these waves 
—or any wave motion—can be propagated through ‘‘nothing at all.” 
Hence, in this book the ether will be considered as that medium or 
. something which fills what would otherwise be voids in space and whereby 
light, heat, electric, and magnetic waves are transmitted. Furthermore, 
since Hinstein’s theory of relativity does not affect the study of heat 
phenomena, it may for the present purposes be assumed that the state- 
ments herein given concerning ether are true. 


47. Matter Is Indestructible—The molecular composition 
of a portion of matter may be changed. Through new com- 
binations of its elemental atoms the substance of which any 
portion of matter is formed may be changed into some other 
kind of substance. Or it may be changed into several other 
kinds of substances. But the precise quantity (and mass— 
see note below) of that particular portion of matter will 
continue undiminished. 


Nore.—Ir SrveraL Susstances Be ComBINED CHEMICALLY, the 
weight of the resultant substance will be the sum of the weights of the 
individual substances. A quantity of oxygen may unite with the com- 
bustibles in a lump of coal to produce combustion thereof. The com- 
bustibles will volatilize and disperse in gaseous form, leaving a residue of 
ash and clinker. But if these constituents—the gases and residual 
substances—could be reassembled, their combined weight would equal 
precisely the weight of the original lump of coal plus the weight of the 
oxygen which was supplied for its combustion. 


48. Matter Cannot Be Created.—Hence the quantity of 
matter in the universe must be constant. It cannot be 
increased, neither can it be diminished. It may, however, 
undergo many changes of form. 

ExaMpLe.—Rags, wood, and certain other substances, will, after under- 
going certain mechanical and chemical processes, reappear as paper. 
Hydrogen and oxygen will, under certain conditions, combine and form 
water. Note that in both examples no new matter has been created. All 
that has occurred is that the form of existing matter has been changed. 
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49. There Are Three States Of Matter: (1) Solid. (2) 
Liquid. (3) Gaseous.—Theoretically, any substance, as water 
(Fig. 49), may, under different conditions, exist in each of these 
three states. As will be explained in following Secs. 225 and 


I- Solid or Frozén TI- Liguiot or Molten I-Goiseous or Voiporizedl 


Fic. 49.—Illustrating the three states of matter—water in this case. 


351, a substance in the gaseous state may be either a vapor or a gas. 
In general, if the certain temperature and pressure conditions 
to which a given gaseous substance is subjected are such that 
the substance is then “‘near”’ the liquid state, it is then, under 


Fia. 50.—Imaginary condition of Fie. 51.—Imaginary condition of 
molecules in a solid (ice) magnified molecules in liquid (water) magnified 
many millions of times. many millions of times. 


those conditions, called a vapor. If the certain conditions 
are such that the gaseous substance is “‘far away”’ from the 
liquid state then, under these conditions, it is called a gas. 


Nortr.—Fies. 50, 51, Anp 52 IntustrRaTE IMacinary ARRANGEMENTS 
suggested by the apparent action of atoms and molecules. The inter- 
vening distances are not proportional to the sizes of the atoms and 
molecules as illustrated. The actual proportional distances are, in a 
practical sense, immeasurably greater than appears in the illustratoins. 
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Note.—RssisTanceE To Cuances Or Suapse Is A Common Cuarac- 
reRistic Or Susstances In TuE Sorin Statse.—The shape of a piece of 
steel (Fig. 53) is difficult to change. The shape of a sheet of thin paper is 
changed with relatively little difficulty. The paper may be folded with 


----Iron Block 


Fie. 52.—Imaginary con- Fig. 53.—Solids resist compression. 
ditions of molecules in gas 
(steam or water vapor) magni- 
fied many millions of times. 


apparent ease. But its resistance to folding will, nevertheless, be 
definite and distinct. 

Resistance To Compression And Susceptibility To Changes Of Shape 
Are Common Characteristics Of Substances In The Liquid State-—Water is 
practically incompressible. It will, however, instantly take the form of 
(Fig. 54) of any container in which it is placed. 

Susceptibility Both To Compression And Changes Of Shape Are Common 
Characteristics Of Substances In The Gaseous State.—Gaseous substances, 


_ Spherical-. 
Rok e 


Fia. 54.—A liquid assumes the form of any container in which it is placed. 


as air, saturated steam, which 1s a vapor, and highly-superheated steam, 


which approximates a perfect gas, tend to expand indefinitely when 
released from a container. 


50. The Existence Of A Portion Of Matter In The Solid, 
Liquid, Or Gaseous State Depends On The Motion Of Its 
Molecules (Figs. 50, 51 and 52). As stated in Sec. 45, mole- 
cules move or vibrate. The state of the matter—solid, liquid, 
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or gaseous—is determined by the rapidity and extent ot motion 
of its molecules. In other words, as will be shown, the state 
of a given portion of matter is determined by the amount of 
heat—heat energy—which it contains. 


ExpLanation.—‘‘In solids the component molecules are in some way so 
closely bound together, and their vibrations, though still taking place, 
are so narrowly and rigidly limited in relation to one another, that the 
external form of the aggregation—the body taken as a whole—is capable 
of resisting the action of forces of considerable magnitude which may tend 
to deform it. 

In liquids the molecules, though still held together by a mutual attrac- 
tion which limits their distance of separation (in so far as internal molecu- 
lar forces are concerned), they are now quite free to assume any position 
relatively to one another which they choose, or to roll about one another. 
This rolling is what we call flow. 

In the gaseous form the molecules are very much more widely separated 
than in liquids or solids; they are more actively in vibration, and they 
tend to separate to the widest possible degree permitted by external 
resistances, such as the walls of a containing vessel.”’ (From Reeve’s 
THERMODYNAMICS OF HBAT-ENGINES.) ; 

Norr.—In Souips THe Moxtecutzes Arp Tuoucut To Visrate At A 
CoMPARATIVELY SLOW RATE and through a small range. Each molecule 


I-Analogy to Molecules Analogy to Molecules II- Analogy to Molecules 
in a Solid in & Liquid J ina Gas 

Fig. 55.—Molecules of substances in the three states act like men in a crowd, pedes- 
trians in a street, and thieves fleeing from an officer of the law. (This is a view from 


above.) 


is analogous to a man (Fig. 55-7) in a densely-packed crowd. He may 
turn around and move slightly from side to side and backward and for- 
ward. But he cannot move far from one position, because he is resisted 
on all sides by other people. 

In liquids, the molecules vibrate more rapidly and through much wider 
ranges. Each molecule moves to and fro encountering little resistance. 
Molecules of liquids are analogous to individuals (Fig. 55-7) passing one 
another on a busy city square. They collide only occasionally. 

In gases, the molecules are so far apart that they have little cohesive 
attraction for one another. They fly about very rapidly and freely. 
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They may be thought of as acting like thieves (Fig. 55-J/J) scattering 
through a field to escape pursuers. Because of their great freedom of 
movement and high velocities they bombard the sides of the containing 

vessel. This creates therein what is called a ‘‘pressure,” (see Sec. 227). 
Note.—Tse Morecutes Or Dirrerent Portions Or Sotip MATTER 
Arg INCAPABLE Or INTERMINGLING.—This is due to their restricted 
vibratory motion. Blocks of metal 


Valve... f (Fig. 56) may be forced in contact 
Steel Brass Hydraulic |S with each other under enormous pres- 
Block. Block Cylinder, 


sure, but no intermingling of the 
molecules of the two blocks will 
generally occur. 

The Molecules Of Different Portions 
Of Liquid Matter May, Usually, 

Fie. 56.—Solids remain to them- agingle Freely. This is due to their 
selves, i.e, do not mix, even when . ae . 4 
mabsectedi (oleventh oveseures fluid motion. Fluidity is apparent in 

the facility with which a quantity of 

milk, when poured into a cup of coffee, permeates the entire mass. 
Similarly a drop of red ink in a glass of water will tint uniformly all of 
the water. 

The Molecules Of Different Portions Of Gaseous Matter Will Mix Unre- 
strainedly. This may be observed in the blending of colors which attends 
the forcing of differently colored gases into a common vessel. 


51. Molecules Behave Differently In The Three Different 
States In Which Matter Occurs.—That is, their behavior (as is 
explained later, Sec. 52) is determined by the amount of heat— 
heat energy—which is contained in the substance which they 
compose. The rigidity of a solid substance is due to the rela- 
tively strong mutual attraction which prevails among its 
molecules. The fluidity of a liquid substance is due to the 
relatively weak mutual attraction which prevails among its 
molecules. The volatility of a gaseous substance is due to the 
lack of cohesive force between its molecules. The molecules 
of an unconfined gas tend to disperse through all surrounding 
space. All trace of an unconfined gas may thus be lost. 


Nore.—Tue Arrraction AmMonea Tur Mo.scutes Or A Sour is 
analogous to that which exists between two magnets (Fig. 57) in close 
proximity. The magnets will offer quite appreciable resistance to further 
separation. They will likewise resist a force tending to produce a side- 
wise movement of one relative to the other. 

The Attraction Among The Molecules Of A Liquid may be compared to 
the weakened mutual attraction which the magnets in Fig. 57 would 
exhibit if a space equal, say, to their own length intervened between 
them. 


¥ 


» Plunger, 
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“Great Pressure 
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The Freedom Of The Molecules Of A Gas is analogous to that which 
exists (Fig. 58) between the lead balls of an exploding shrapnel shell. 
The balls scatter unrestrainedly in all directions at first. Later, of 
course, they all fall to the earth. 


52. The State Or Condition > Ss aoe 
Of Molecular Vibration And ( UYyi/“'e 528) 


: _ BSR! eer 
Separation Is Called Heat. EY | ESL eae 
Heat is thus conceived to be an 


Magnetic--.. 
Attraction “x 
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Gee eae, 
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Fia. 57.—Molecules have attraction Fic. 58.—The freedom of movements 
similar to that of magnets. of the lead balls from an exploding 
shrapnel shell illustrates the freedom of 
motion of gaseous molecules. 


inherent attribute of matter so long as molecular vibration 
continues (Sec. 50). An addition of heat—heat energy—means 
either an increase in molecular-vibration velocity (kinetic heat 
energy) or an 2ncrease in molecular separation (potential heat 
energy) or both. When we say that heat has been added to a 
portion of matter, we actually mean that the vibration velocity 
of the molecules of the matter or the distance between the 
molecules has been increased through some external agency. 
Kinetic or potential energy has been added to the portion of 
matter. Conversely, when we say that heat has been ab- 
stracted from a portion of matter, we actually mean that the 
rate of vibration of the molecules of the matter or the distance 
between the molecules has been decreased (that heat energy 
has been abstracted) through some external agency. 

53. The External Evidences Of Heat Transfer are, when 
heat is added, an enlargement or expansion (Sec. 185) and, 
when heat is abstracted a diminishment or contraction of the 
apparent bulk or body of the portion of matter. These indi- 
cate that, when an object is heated, the molecules spread 
farther apart on the average, due to their more rapid vibration. 
When the body is cooled their less rapid vibration permits their 
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mutual attraction to pull them closer together. (See Sec. 54, 
for the principal effects of heat transfer.) 

Notre.—Aairation Or A SupstTance Speeps Ur Tue Morton OF Its 
Mo tecutes.—If a soft wire (Fig. 59) be bent rapidly back and forth, 


the bent portion of its bulk will become heated. This will be due to the 
agitation of the molecules in the bent portion. If a piece of lead (Fig. 60) 
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Fia. 59.—Bending wire agitates the Fig. 60.—Lead becomes 
molecules, hence makes it hot. hot when hammered. 


be hammered, its temperature will rise. This will be due to the molecules 
having been jarred, slipped and agitated. The rubbing together (Fig. 


---High Temperoiture Due 
to Friction Which Will 
Couse the Agitation of 

the Molecules 
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Fie. 61.—A bearing heats eetiae the molecules are made to vibrate more rapidly by the 
rubbing of the metal surfaces. 
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Shortt a! 


61) of substances agitates the molecules and causes increase of heat. 
Agitation of liquids and gases causes heat to develop therein. 

54. Broadly, There Are Only Three Possible Effects Of 
Heat Transfer To Or From Any Substance—any one, two, or 
all three of which may be produced, depending on the condi- 
tions under which the heat transfer takes place, as is explained 
in Sec. 96: (1) Change in temperature of the substance (Sec. 55) 
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or in molecular vibrational velocity; the part of the total heat 
which produces this change is called “vibration heat.” (2) 
Change in state (Sec. 49) or in the molecular-attraction forces; 
the part of the heat which produces this change is called 
“disgregation heat.” (3) External work or change in molecular 
position against external forces; the part of the total heat 
which produces this change is called ‘“‘external-work heat,’ 
or ‘‘external heat.” Of course there is really only one kind of 
heat; the terms “vibration heat,” ‘“disgregation heat,’ and 
“‘external-work heat’? are employed merely to designate how 
portions of the total heat which is transferred to a substance are 
expended in different ways. 

ExamMpLEe.—Consider the effects of adding heat to a quantity of water 


confined in a metal cylinder (as in Fig. 62) under a piston, P, and a weight, 
W. The heat which is first added goes almost entirely, as would be 
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Fia. 62.—lIllustrating effects of heating water. 


indicated by a thermometer, toward raising the temperature of the water; 
this would then be vibration heat. The water would also expand, as 
indicated at IJ (Fig. 62) but the expansion would be very small. Hence 
very little of the added heat is external-work heat, useful in lifting the 
weight, W. But, after continued heating, the water would reach a point 
(temperature) where it would become no “hotter;” that is, its tempera- 
ture would cease to rise. The heat which is then added (/JJ, Fig. 62) 
separates the molecules of the water against their mutual attractive 
forces and against the weight, W, which tends to hold them together. 
Hence, the heat which is now added is partly disgregation heat, which is 
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useful in changing the state of the substance (from water to steam), and 
is partly external-work heat which is useful in doing external work (by 
lifting the weight, W, against the force of gravity). 

55. The Temperature Of A Body (Figs. 63 and 64) is a 
measure of the tendency of that body to transmit heat to (Fig. 
63) or to withdraw heat from another body. The tempera- 
ture of any substance zs a measure of the kinetic or vibrational 


Thermometers-, 
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Fig. 63.—The temperature indicates the tendency of a body to transfer heat. 


energy of its individual molecules—not the total kinetic energy 
of all of its molecules taken together, for this a measure of 
its heat energy or heat content. Hence, do not confuse. 
temperature with heat. Temperature is intensity of heat. 
Temperature describes the degree of hotness or coldness of a 
body. Temperature may be thought of as the pressure of the 
heat ina body. Just as the pressure indicated by a steam gage 
is no indicator of the total quantity of steam which the boiler 
or boilers contain, so the temperature of a body (indicated by a 
thermometer) is no measure of the total amount of heat 
contained in the body. 

Norre.—In Genera, Ir May Bs Starep THat TEMPERATURE Is AN 
APPROXIMATE Mnasure Or Tue AMountT Or Heat Per Unit Wetcut 
which a given material contains. Im general, the more heat—heat 
energy a given body contains the higher will be its temperature. But, 
this principle does not hold at or near temperatures where changes of 
state (Sec. 49) occur. Hence, the temperature of a substance is not, 
necessarily, any indication whatsoever of the amount of heat which the 
substance contains. The heat content may, when a change of state is 
occurring, be increased or decreased and yet the temperature remain 
constant (Sec. 103). For example, water at its boiling temperature— 
during a change from the liquid to the vaporous state—may have (Sec. 
52) much heat added to it and the water be thereby converted into steam; 
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without change in the temperature. The steam has the same tempera- 
ture (Sec. 104) as the boiling water. 
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Fie. 64.—Showing how the temperature—the ability to transfer heat—of boiler 
gases decreases along the flue-gas path. (The temperatures indicated above are 
approximately those which should be maintained in a horizontally-baffled water 
tube boiler. Brown Instrument Co.) 


Nore.—TrEmMpPreratuRE Is Reantty THERMAL Heap Or PreEssuRE.— 
Temperature is to heat what voltage is to electricity. Where there is no 
difference in temperature, there can be no 
flow of heat (O.B. Goldman), = = 2 — — grap rp... 

Exampiy.—Fig. 64 shows the tempera- 
tures which should be maintained for the 
efficient operation of a modern horizontally jqlslOl---- ===> : 
baffled water-tube boiler. 


56. “Cold” Is A Term Used To 
Express A Condition Of Temperature. 
It is often thought of as the opposite 
of heat. But itis not. In fact, cold 
is merely a word used to designate the 
relative condition of a substance when 
it has less than the normal intensity — Fie. 65.—To cool (slightly) 
of heat. Therefore, to render a body deo eee pee ai 
cold, (Fig. 65) it is merely necessary 
to take some heat away from it—not to add cold to it. In 
general, a ‘‘cold” body is merely one which has a temperature 
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Fie. 66.—Mercury 
thermometer. 
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lower than that which is considered as the 
usual, normal, or ordinary temperature. 

57. The Instruments Ordinarily Used For 
Measuring Temperature Are Called Ther- 
mometers (see also Sec. 652 Div. 19).—In its 
simplest form (Fig. 66) a thermometer is a 
hollow glass tube, hermetically sealed at both 
ends, and expanded into a bulb at its lower 
end. The bulbis filled with a suitable liquid, 
as mercury, and all airis exhausted from the 
tube before it is sealed. This is to permit 
free expansion of the liquid to the top of the 
tube. When the bulb is heated the liquid 
expands (Sec. 185) and rises in the tube. 
When the bulb is cooled the liquid contracts 
and lowers in the tube. When a proper scale 
is used in connection with this arrangement, 
the temperature of surrounding materials may 
be accurately determined. Other instruments 
for measuring temperature are further dis- 
cussed in Div. 19. 


Notr.—ANn Earzty Tyrer Or THERMOMETER is 


illustrated in Fig. 67. A glass tube, with a large bulb on one end, was 
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Fia. 67.—Making an air thermometer. 


heated. The tube was then inverted and the open end inserted in a 
vessel of colored water. In cold weather, the air in the bulb con- 
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tracted. The colored water was thusforced up in the stem by the ex- 
ternal air pressure. In warm weather the water-column was corre- 
spondingly low. By placing a scale beside the tube, it could thereby 
be known when the temperature was high or low. Obviously, this 
thermometer was not suitable for showing temperatures below the 
freezing point of water. 


58. Thermometric Scales Are Series Of Graduated Divi- 
sions (Fig. 68) which are marked 
on the tubes or stems of thermo- 


meters, or upon separate flat sur- 
= faces set adjacent to the stems. 
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Fig. 68.—Thermometer with Fia. 69.—Fahrenheit and Centigrade 
3 scales. scales compared. 


metric Scales In General Use (Fig. 68).—(1) The Fahrenheit 
scale. (2) The Centigrade scale. (3) The Reaumur scale. 
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The Fahrenheit scale is in popular and engineering use in 
English-speaking countries. The Centigrade scale is in 
popular use in most European countries. It is the world- 
wide standard in all scientific usage. The Reaumur scale 
is used principally in Russia. 


Nore.—Tue FAHRENHEIT THERMOMETRIC ScaALE (Fig. 69) was in- 
vented by Gabriel Daniel Fahrenheit, of Danzig, Germany, in 1714. 
Fahrenheit assumed that the temperature of a mixture of equal weights 
of snow and sal-ammoniac (ammonium chloride) was the lowest obtain- 
able. Therefore, he accepted this as the zero (0) of temperature. The 
blood-temperature of the human body, as shown by the rise of the mer- 
cury in the column, was then selected as marking another definite point 
in the scale and called—incorrectly, see below—100. The distance be- 
tween these points was divided into 100 equal spaces. Each space was 
called a degree (°) of temperature. According to this scale, water boils 
(under atmospheric pressure) at 212° and freezes at 32°. The scale be- 
tween these temperatures is, therefore, divided into 212 —32 = 180 equal 
spaces or degrees. One degree of temperature, Fahrenheit (1° F.), is 
indicated by {go of the expansion of the mercury column of a thermom- 
eter which occurs when the temperature is raised from that of freezing 
water (or melting ice) to that of boiling water. The actual blood tem- 
perature is now known to be 98.6° F. Its non-agreement with Fahren- 
heit’s 100° blood temperature is due to errors in the original experiments. 

Norse.—Tue CEntTicgRaADE THERMOMETRIC SCALE (Fig. 69), or Celsius 
scale, as it is sometimes called, was invented by the Swedish physicist 
Celsius. The freezing and boiling temperatures of water were taken as 
definite limits of gradation. The height of the column of mercury at the 
freezing temperature was designated the zero-degree point of the scale. 
Also, the height of the mercury column at the temperature at which 
water boils was designated as the 100° point of the scale. The height 
of the mercury column between the freezing point and the boiling point 
was then divided into 100 equal spaces, each called a degree. 


60. The Calibration Of A Centigrade Thermometer (Fig. 70) 
see also Sec. 659, consists in determining the 0°-mark by 
placing the thermometer in melting ice (Fig. 70, J) and marking 
the height of the mercury column when it is at that tem- 
perature. The thermometer is then placed in steam coming 
from boiling water (Fig. 70, IZ). The 100°-mark is placed 
even with top of the mercury when it is at the temperature 
of this steam. The distance between the 0°-mark and the 
100°-mark is divided into 100 equal spaces. The rise of the 
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top of the mercury column for a distance equal to one space, 
indicates a temperature rise of one degree Centigrade (1° C.). 


Wia. 70.—Determining 0 and 100-degree marks on a Centigrade thermometer, 


61. The Absolute Thermometer Scale 


used in certain calculations concerning 
the thermal action of some substances, 
particularly gases. In order to describe 
this scale it is necessary to consider 
absolute zero (0° abs.) which is the lowest 
temperature theoretically attainable. 
It will be recalled (Sec. 52) that heat is 
a condition of motion of molecules. If 
it were possible to have a substance in 
such a state that the molecules were 
motionless, there certainly would be no 
kinetic heat energy in the substance and 
its temperature would then be the lowest 
possible to obtain. When a perfect gas, 
which is confined. in a vessel, at 0° C. is 
cooled 1° C., its pressure is observed to 
decrease 1473 of the pressure at 0°. 
Since the pressure exerted by a gas is 
due to bombardment of the walls of the 
containing vessel by the vibrating 


(Fig. 71) must be 


: Cent 
AH ors lbs, 


For, 
492° Abs, 


L-Ordinary : 


Centigradle - 
or (460+32°) For. 


ct VERG 


Molecules- .:. 
Motionless :>. 


+4 


 O°Abs, 


I-Absolute 
Tic. 71.—Ordinary and 
absolute thermometer 
scales compared.. 


54 PRACTICAL HEAT [Div. 2 


molecules, it is concluded from the above observation that if 
the temperature were lowered 273° C. below 0° C., there would 
then be no pressure exerted by the molecules. There would 
be absence of all heat. The temperature of a substance at 
this theoretically lowest temperature is assumed to be 0° on 
the absolute scale. The water freezing temperature is, then, 
273° C. abs. (Fig. 71) and the boiling temperature of water is 
at 373° C. On the Fahrenheit scale, absolute zero is 492° 
abs. below the freezing point of water which is 32° F., hence, 
0° F. is equivalent to 460° F. abs. 


Notr.—A Meruop Or Manuracrurine A THERMOMETER (Fig. 72) 
follows: A glass tube with capillary opening and a bulb blown at one 
end (J) is filled with mercury. The bulb and contained mercury are 
heated (JJ) to a temperature somewhat higher than that for which the 
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Fie. 72.—Steps in making a thermometer. 


thermometer is to be used. While at this temperature the tube is sealed 
off—closed—(I/I) at its open end. When the tube, bulb, and mercury 
cool, the mercury contracts (IV) and leaves the tube empty in the upper 
portion. Thus, there is a vacuum above the mercury column. 


62. Readings Of One Thermometer Scale May Be Con- 
verted To Equivalent Readings Of Another Scale.— It is often 
necessary in practice to make such conversions. Fig. 68 illus- 
trates a thermometer with three scales, thus it is possible to 
read temperature from it in any one of the three, but usually 
thermometers are graduated for one scale only. Following 
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are facts and rules used for converting readings from one 
scale to another. 


(16) 1°C. = ¥%°F. = 18° F. 
(17) 1° F. = 56°C. = 0.555° C. 


Rue 1.—To Repucse Temperatures As SHown On Tue FAHREN- 
HEIT Scare To Tue Cenricrape (Fig. 73), find the number of degrees 
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Fiqa. 73.—Chart showing relation of Fahrenheit to Centigrade degrees. (W.S. Rockwell 
Company.) 


Fahrenheit above the freezing temperature of water and multiply by 54. 
By formula: 
(18) To = 56(Tr — 32) (deg. Cent.) 


Wherein: 7’¢ = degrees on Centigrade scale. Yr = degrees on the 
Fahrenheit scale. 

Rute 2.—To Repuce Temperatures As SHown On Tue CeEntI- 
GRADE ScatE To Tue FAHRENHEIT, multiply the numbers of degrees 
Centigrade by % and add 32. By formula: 


(19) Tr = %Tc + 32 (deg. Fahr.) 


Wherein 77 and T7’¢ have the same meanings as in For. (18). 
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Notre.—To Convert A THERMOMETER Reapine To ABSOLUTE SCALE 
Centigrade, add 273 to the Centigrade reading. ‘To convert a Fahren- 
heit reading to absolute temperature Fahrenheit, add 460 to the Fahren- 
heit reading. (The value 460 is not exact but is very nearly so.) These 
rules may be expressed by the following formulas: 


(20) Tr = Tr + 460 (deg. Fahr. abs.) 
(21) Te = Tc + 278 (deg. Cent. abs.) 


Wherein: Trand Tc = the absolute temperatures measured in Fahren- 
heit and Centigrade degrees, respectively. Jr and Tc = respectively, 
the Fahrenheit and Centigrade temperatures. 

Exampie.—A Fahrenheit thermometer records 180°. What is the 
equivalent Centigrade reading? Soxtution.—By For. (18), Te = 
56(Tr — 32) = 56 X (180 — 32) = 82%° C. 

Exampie.—A Centigrade thermometer records 51 degrees. What is 
the equivalent Fahrenheit temperature? SoxtutTion.—By For. (19), 
Tr = %Tc¢ + 82 = (% X 51] + 382 = 1234%6° F. 

ExampLe.—The temperature of a solution (Fig. 74) is 20° C. What 
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would a Fahrenheit thermometer read in the same solution? Sonurton. 
By For. (19), Tr = %Tc + 32 = [% X 20] +32 = 36 + 32 = 68°F. 

Exampie.—A certain solution solidifies at 9° below zero Fahr. 
(—9°F.). What is the equivalent temperature by a Centigrade thermom- 
eter? Sonution.—By For. (18), 7c = 56(Tr — 32) = 56 X (—9 — 32) 
= 56 X (—41) = —2276° C., or 2276° below zero Cent. 

Exampie.—A temperature of 32° F, is equivalent to 32 + 460 = 
492° F. absolute (abbreviated abs.). A temperature of 550° F. is equiva- 
lent to 550 + 460 = 1,010° F. abs. 


Exampite.—A certain solution at a certain pressure boils at 20° C. 
What is the absolute temperature in 8 degrees Centigrade at which 
the solution boils? Soturron.—By For. (21), T. = T. + 273 = 
20 + 273 = 298° C. abs. 
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63. Table Showing Temperatures At Which Some Impor- 
tant Phenomena Occur.—The melting and boiling phenomena 
here listed occur at the temperatures shown only when the 
substances are heated at normal atmospheric pressure. 


Temperature 
Deg. | Deg. 
Cent. | Fahr 


Phenomena 


Temperature 


Deg. 
Fahr. 


Phenomena 


Temp. of electric arc. 
Carbon vaporizer. 
Attained by Thermit. 
Oxyacetylene flame. 
Oxmium melts. 


Iridium melts. 
Bessemer furnace. 
Platinum melts. 
Wrought iron melts. 
White ‘‘heat.’’ 


Steel melts. 

Orange red “heat.” 
Copper melts. 

Pure gold melts. 

Cast iron (lowest) melts. 


Silver melts. 

Dull red ‘‘heat.” 

Aluminum melts. 

(About) coal ignites: 

Red hot iron visible in 
dark, 


Mercury boils. 
Lead melts. 


— 460 


Gunpowder ignites. 
Tin melts. 

Sulphur melts. 
Water boils. 
Alcohol boils. 


Fusible alloy melts. 
Beeswax melts. 
Paraffin melts. 
Phosphorous melts. 
Human body in health. 


Mean temperature of sea. 
Water freezes. 

Mixture salt and ice melts. 
Mercury freezes. 

Temp. in Arctics. 


Balloon (9 miles high). 

Ether freezes. 

Hydrogen boils. 

Hydrogen freezes. 

Greatest Artificial ‘‘cold’’ 
(1908). 


Absolute zero. 
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64. Table Showing Equivalent Temperature Readings For 
Fahrenheit And Centigrade Scales. 


Deg Deg. Deg. Deg. Deg. | Deg. Deg. Deg. 
Fahr. Cent. Fahr. } Cent. || Fahr. | Cent. || Fahr. | Cent. 
—40 —40 95 35 230 110 365 185 
—31 —35 104 40 239 115 374 190 
—22 —30 113 45 248 120 383 195 
—13 —25 122 50 257 125 392 200 
— 4 —20 13L 55 266 130 401 205 

5 —15 140 60 275 135 410 210 
14 —10 149 65 284 140 419 215 
23 — 5 158 70 293 145 428 220 
32 0 167 75 302 150 437 225 
41 5 176 80 Sill 155 446 230 
50 10 185 85 320 160 455 235 
59 15 194 90 329 165 464 240 
58 20 203 95 338 170 473 245 
AG 25 212 100 347 175 482 250 
86 30 221 105 356 180 491 255 


QUESTIONS ON DIVISION 2 


ononarunonds re 


whether a substance is wood or iron? 


9. Do molecules and atoms move? How? 


. What is matter? How may it be recognized? 
. Name ten substances made of matter. 

. Of what is matter made up? Is this the smallest particle of matter? 
. What is an element? How many elements are known? 
. Name some common elements. 
. Of what is the atom composed? 
. Are atoms and molecules in contact? What holds them together? 
. What is the determining feature in the makeup of matter? What determines 


10. How many times larger than a molecule of salt is the smallest particle that is 


visible under a microscope? 


11. What is between atoms and molecules? Why no air? 


12. Can matter be destroyed? Created? 
13. In what three states is matter found? 


stance in each state. 


Describe briefly the condition of a sub- 


14. How do molecules behave in the three states? 


15. Are molecules closer or further apart in a gas than in a solid? 
What is heat? 


16. What causes molecules to vibrate? 
17. What is temperature? Is the temperature an indication of the contained heat? 


18. What is cold? 
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19. Is feeling a good way to judge temperature? Why? 

20. How is temperature accurately measured? 

21. Describe the Fahrenheit thermometer scale. The Centigrade. 

22. What is the absolute thermometer scale? Explain. 

23. What relation exists between Fahrenheit degrees and Centigrade degrees? 

24. What is the rule for converting temperature readings on the Fahrenheit scale to 
the Centigrade scale? Vice versa? 

25. How are ordinary thermometer readings reduced to absolute readings? 


PROBLEMS ON DIVISION 2 


1. Mercury boils at a temperature of 357° C. What is the equivalent temperature 
on the Fahrenheit scale? 

2. Frozen ammonia is found to melt at —75.5°C. Whatis the equivalent tempera- 
ture by a Fahrenheit scale? 

3. Pureiron melts at about 2,750° F. What will a temperature recording instrument 
with a Centigrade scale record when inserted in the newly melted iron? 

4. Hydrogen gas has been liquified at the very low temperature of —396.4° F. 
This is noticed to be near the temperature of absolute zero. What is the temperature 
by the Centigrade system of measuring temperature? 

5. Express the following in absolute temperatures Fahrenheit: 212° F., 460° F., 
—32° F, 

6. Express the following in absolute temperatures Centigrade: 100° C., 0° C., 
Zo) ©,,.20°.C, 


DIVISION 3 


THE SOURCE OF HEAT 


65. Practically All Of The Earth’s Heat Is Derived Either 
Directly Or Indirectly From The Sun.—It is this heat that 
insures continuance of all plant and animal life. 


Note.—Tue Heat From Tur Sun Propacates Puant Lire Uron 
Tue Eartu.—Eventually, the plants become available for use as fuel, 
either as coal (Fig. 75) or wood. 
Coal (Fig. 75) is formed from 
deposits of vegetable matter which 
have been subjected to great pres- 
sure and heat through long periods 
of time. Decay of vegetable and 
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Fie. 75.—Section of a coal mine. Fie. 76.—Section of earth showing 
gas and oil wells. 


animal deposits within the earth also results in the formation of 
natural gas and mineral oil (Fig. 76). Such gas and oil are likewise 
available for fuel. The heat of the sun is stored up in these fossil fuels. 
Thus it is made indirectly available for mankind’s use. 


Notr.—Smautu Powsr Puants (Fig. 77) Have Bren So Constructep 
As To Draw Tur Herat Necessary For Tuer OPERATION FRoM THE 
Sun.—But such plants are of very limited application. The power 
realized therefrom is, ordinarily, practically incommensurable with the 

60 


Src. 66] THE SOURCE OF HEAT 61 


relatively great cost and complication of the apparatus required. Also, 
the direct heat of the sun is not constantly available. In some climates, 
long intervals may elapse during which the sun is obscured by clouds. 


Mirrorsi-..., 
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Fia. 77. Fia. 78. 


Fie. 77.—Pifres sun-power plant. (From Smithsonian Report, 1913.) (The 
mirrors are held in a reflector-shaped-frame unit which can be faced toward the sun. 
A hand wheel is used torotate the unit to sucha position that the sun’s rays will 
fall directly on the mirrors. The rays from the sun then strike the mirrors and are 
reflected onto the boiler which is located in the center or “‘focus.’”’ The water in the 
boiler absorbs heat from the sun’s rays and is thereby transformed into steam. The 
steam, thus formed, is used to drive the engine. The exhaust steam from the engine 
is used in a feedwater heater to heat the previously cold water which is pumped into 
the boiler.) 

Fie. 78.—Showing installation for heating water for bathing and washing purposes. 
(Day & Night Solar Heater Co., Los Angeles, Cal.) (The non-freezing liquid, shown in 
black, upon being heated in the sun coil, S, on roof, circulates through the coil, C, inside 
of the storage boiler, thus heating the water. Note that the warmed water, which is to 
be used, does not circulate through the sun coil, S.) 


See also Fig. 78 which shows how the sun’s rays are used directly for 
water heating in California. 


66. Heat Rays From The Sun Cause Evaporation Of Water 
From Oceans, Lakes and Rivers.—The ascending vapors gather 
in the upper strata of the earth’s atmosphere to form clouds. 
Eventually the vapors condense and descend again to earth, 
falling on hill and mountain in the form of rain. The rain 
flows in rivulets to larger streams andrivers. That water which 
falls on the higher parts of the earth’s surface possesses poten- 
tial mechanical energy. This may, with suitable equipment, 
be made available as mechanical or as electrical energy. 
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67. The Source Of Solar Heat has been investigated for 
many years. Several theories in explanation of its origin have 
been advanced. Probably the most satisfactory of these—the 
nebular hypothesis—is as follows: 


EXPLANATION.—It is assumed that the space now occupied by our 
planetary system was originally filled with a nebula. A nebula is believed 
by some to be an extremely tenuous body composed of unorganized 
gaseous matter whirling at an enormous speed around a common vortex 
or center. Others believe a nebula to be made up of planetesmals or 
particles of matter. Portions of this nebula separate from the parent 
mass. They gradually contract and cool during the course of ages. 
Eventually they formed the planets, planetoids, and other celestial bodies 
which comprise our present solar system of spheres—small and large— 
which revolve about the sun. 

Coincidentally, the immense nebulous mass immediately adjacent to 
the vortex, or common center, (though extending thence in all directions 
through many millions of miles of space) was likewise contracting and 
solidifying into a compact body. This body is now known to us as the 
sun. The shrinking or contracting of the various portions of nebula has 
been due to the gravitational or attractive force of the particles which 
comprised the original mass. 


68. The Contraction Of The Sun Converts Potential 
Energy Of Position Into Heat, just as the falling of a stone 
finally converts its potential energy of position into heat. 
It has been calculated that a contraction of the sun’s diameter 
of about 250 ft. per year is sufficient to supply the heat which 
is given off by radiation. At this rate of contraction, 1,000 
years would elapse before the sun would exhibit a sufficient 
alteration of size to be discerned through our telescopes. 
For a more complete discussion of this subject see Abbots’ 
THE SUN. 

69. The Internal Heat Of The Earth Is Virtually Unutilized. 
The presence of this heat is evident from the volcanoes and 
hot springs that exist in certain localities. It is thought that 
the earth’s crust may be 100 miles thick, and that beneath 
this crust the mass of the earth is molten hot. 


Note.—Tue Hartn’s Internat Heat Is Utinizep To Somp Extent 
In Iraty For Toe DrvetopmMent Or Powrr.—In certain volcanic 
regions powerful jets of superheated steam, of from 10,000 to 40,000 lb. 
per hr. capacity, and at pressures of from 30 to 75 lb. per sq. in., are 
obtained from borings in the earth. These borings are from about 8 to 
16 in. in diameter and from 300 to 750 ft. deep. They are lined with steel 
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tubes which convey the steam to the earth’s surface where it is utilized 
in steam engines, steam turbines or similar energy-converting equipment. 


70. Mechanical Energy, or Action, Produces Heat.—It 
cannot be said that mechanical action is a source of heat, 
since the heat so produced comes indirectly from the sun. 
Heat is a manifestation of certain mechanical action. Or, 
otherwise stated, mechanical energy may be converted into 
heat energy. Primitive man found that he could start a fire 
(Fig. 79) by rubbing sticks together. The rubbing together 
of pieces of wood causes heat, due to the friction between 
the pieces. The mechanical energy applied by the man is 
transformed into heat energy. The man and the wood are 
dependent upon the sun for existence. Hence, the sun is, 
indirectly the source of the heat generated in the rubbing 
process. 


yorinder 


Fie. 79.—Fire from friction—kinetic Fie. 80.—Heat from friction of chisel 
energy transformed into heat energy. P against moving grinder. 


Norze.—Tue Form Or FrictionAL Heat THat Curmrry Concrerns 
Tur PowEerR PLANT OPERATION is that which is manifested in the heating 
of engine and shaft bearings by reason of excessive load or inadequate 
lubrication. 

EXAMPLES.—When an automobile, or a railway car, is stopped by 
applying the brake, considerable heat is developed by friction between 
the brake shoe and the wheel or other revolving element. The applied 
mechanical energy of the braking mechanism is converted into heat 
energy which is dissipated in the surrounding atmosphere. In grinding 
a tool (Fig. 80) on an emery wheel, or grindstone, heat is developed. 


71. Heat Is Developed When The Physical Forms Of 
Bodies Of Matter Are Changed.—If mechanical energy is so 
applied as to change the shape of a body, heat is “generated.” 
Lead becomes hot (Fig. 60) when hammered. The heat so 
manifested is due to percussion. When an iron wire (Fig. 59) 
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is bent continuously back and forth at the same point, it becomes 
hot because of the repeated changing of its shape. When a gas 
is confined in a cylinder (Fig. 34) and is compressed by the 
piston’s forcing it into a smaller space, the gas becomes very 
warm. It may, under certain conditions, become sufficiently 
hot to ignite spontaneously. This heat due to compression is 
noticeable in the action of a bicycle or automobile tire-pump 
and in certain types of gas-engines (Fig. 34). It results from 
the decreasing of the volume occupied by the gas. 

Note.—Hegat DrevELorep IN THE Compression OF A Gas Is TRANS- 
MITTED through the wall of the containing vessel and may be carried 
away in a current of water or in the surrounding atmosphere. Then re- 
expansion of the gas must be attended by absorption of a quantity of 
heat, from surrounding substances, equal to the quantity of heat so dissi- 
pated. This principle is utilized in the mechanical refrigerating plant. 
An often-observed example of the result of this phenomena is the coating 


of frost which forms on the end of a pneumatic-rock-drill exhaust pipe 
when the drill is in operation. 


72. Heat May Be Derived From Electrical Energy.—That is, 
electrical energy may be transformed directly into heat energy. 
Every conductor which is carrying 
a current of electricity offers resis- 
tance to the current. A current- 
carrying conductor always _ be- 
comes heated to some degree, even 
though the heating may often be 
practically inappreciable. Such 
heating of a conductor represents 
a loss of electrical energy. This 
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Fie. 81—Heat from electrical energy. Fie, 82.—Heat from electrical 
energy. 


loss is known to the electrician as the I?R-loss, wherein J 
represents the current in amperes and F& the resistance of 
the conductor in ohms. 
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Nore.—Tue Heat Tuus Devevoprep In Exectrricat Conpuctors Is 
Mave Usrerut In Various Ways.—Electric-furnaces, welding, car- 
heating, cooking, ironing (Fig. 81) are a few of the methods of utilizing 
electrically-developed heat. The electrical method of room heating (Fig. 
82) offers many conveniences. It is, however, relatively expensive in 
most localities. Electricity, flowing through and heating to incandes- 
cence a metal filament, is now indispensable as a producer of light. 
While producing the light, the electric current also causes the white-hot 
incandescent-lamp filament to give off heat. 


73. Heat Is Produced by Certain Chemical Reactions. 
That is, when certain chemical processes or reactions occur, 
chemical energy which resided in the substances involved in 
the reaction is transformed into 
and liberated as heat energy. 
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chemical action. heats water. 


Conversely, it is necessary to add heat energy to effect certain 
other chemical reactions; see Sec. 157 for a further discussion. 
Chemical reaction includes all forms of combustion. And 
combustion—burning—of fuels is the source of heat with which 
the power-plant operator is mainly concerned. The combus- 
tion or burning of coal (Fig. 83), wood, oil or gas (Fig. 84), is 
the chemical action (see Div. 14 on CompusTion) occurring 
between the carbon and hydrogen, contained in the fuel sub- 
stances, and the oxygen of the air. 


Nore. Tse Respiration Or AnimAts Is A Process Or Stow Com- 
BUSTION Or CuemicaL Action. The oxygen breathed into the lungs 
combines with the carbon and other elements in the blood. The result- 
ing chemical action liberates or ‘‘causes” animal heat. 

& 
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74. The Elements Composing Fuel Substances Change 
Their Molecular Form In Uniting With Oxygen.—But nothing 
is lost (Sec. 48). Only the form is changed. This change is 
accompanied by a very violent action of the atoms in forming 
new molecules. It is so violent as to produce or liberate heat 
sufficient to cause the combustible substances to glow with a 
red or white light. This situation is explained more fully in 
Sec. 176. By combustion, the chemical energy (potential 
energy) of the fuel substance is converted into heat energy. 


QUESTIONS ON DIVISION 3 


1. What is mankind’s main source of heat energy? 
2. Why is the direct heat of the sun not commercially available as a source of power? 
3. What is the relation between the sun’s heat energy and the heat derived from the 
conbustion of wood? 
4, What is the origin of natural gas? 
5. How does the sun produce the power which may be realized from a waterfall? 
6. Is the earth solid throughout? Explain. 
7. Is the heat of the earth’s interior available for producing power? 
8. What causes the heating of an engine bearing? Is the heat due to friction in an 
engine bearing of any practical use in heating the room? 
9. How does compression of a gas affect the temperature of the gas? 
10. Name some uses of the heat which is always developed when an electric current 
flows in a conductor. 
11. Explain how heat is developed by the combustion of fuels. 
12. What transformation of energy occurs when coal burns? 


DIVISION 4 
HEAT—ITS MEASUREMENT AND TRANSFORMATIONS 


75. The Amount Or Quantity Of Heat Which Any Portion Of 
Matter Contains is determined by: (1) The weight of the portion 
of matter. (2) The nature of the substance. (8) Its condition, 
whether solid, liquid, or gaseous. (4) Its temperature. (5) 
Its pressure, if the substance is a gas. Therefore, if the condi- 
tion and characteristics, as specified in the five preceding items, 
are known, concerning a body, the quantity 
of heat which it contains can, as will be 
shown, be determined. 

76. For Measuring Quantity Of Heat A 
Unit Is Necessary.—The ancient philos- 
ophers thought that heat was a fluid. 
Heat does resemble a subtle fluid, in that 
it may be ‘‘ poured into”’a portion of matter 
to make it warmer, or “‘drawn out” of the 
body to coolit. Just as the gallon is the 
unit for measuring quantity of water, so 
the British thermal unit (which is defined 
in the following section) is a unit by which 
quantity of heat may be measured. But it 
should be remembered that heat is by no 
means a fluid. It is (Sec. 32) kinetic 
molecular energy. 

77. A Unit For Measuring Quantity Of 
Heat Is The “British Thermal Unit’ Mig Ce 
(B.t.u.).—A definition, sufficiently accurate _ Fe ere 
for practical purposes, is this (Fig. 85)—A  uired to raise 1 lb of 
British thermal unit is the amount or quantity “** * * 
of heat, required to increase the temperature of 1 1b. of water, 1° F. 
The preceding interpretation is the one which will be assumed 
in this book, unless otherwise specified. 

67 
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Norse.—To Derine Tue B.t.v., WiTH Screntiric Accuracy, the 
temperature range must be specified definitely. The usually-accepted 
technical definition is: A B.t.u. is the amount of heat required to raise the 
temperature of 1 lb. of water from 62° F. to 63° F. Certain authorities 
specify the lower temperature as 15° C. (59° F.), while others specify 
39.1° F., at which temperature water has its maximum density. Another 
definition states that ‘‘a B.t.u. is go of the total heat required to raise 
the temperature of 1 lb. of water from the freezing to the boiling point.” 
Due to the fact that experiments show that the heat actually required 
to raise the temperature of water 1° F., varies with the temperature of 
the water, it is essential, in precise laboratory determinations, that the 
unit be defined accurately. But the technicalities introduced in the 
different definitions, given in this note, can be disregarded in practical 
engineering. 

78. The Formula For Computing The Amount Of Heat 

Required To Change The Temperature Of Water A Specified 
Degree Is: 
(22) Q = W(T? — 71) (British thermal units) 
Wherein: Q = amount of heat added or subtracted, in British 
thermal units. W = weight of water, in pounds. T,and T2 
=respectively, upper and lower temperatures, in degrees 
Fahrenheit. 


Derivation.—Since by definition, 1 B.t.u. will increase the tempera- 
ture of 1 lb. of water 1° F., it is merely necessary, in order to determine 
the heat required to increase the temperature of the water any number 
of degrees Fahrenheit, to multiply the weight of water, under considera- 
tion, by the rise, in temperature which occurs, in degrees Fahrenheit. 
This operation is the one which the formula specifies. 

ExamMpLtE.—How much heat is required to raise the temperature of 
1 gal. of water from 75 to 101° F.? Soturton.—A gallon of water weighs 
8.3 lb. Substituting in For. (22): Q = W(T2 — 71) = 8.8(101 — 75) 
= 216 B.t.u. 


79. The Small Calorie Is The Metric Unit Of Quantity Of 
Heat.—The small calorie is used almost exclusively in phys- 
ical-laboratory work, the world over. The small calorie is 
the amount of heat required to raise the temperature of 1 gram 
(1 cubic centimeter) of water 1° C. 


(23) 1 B.t.u. = 252 small calories. 
(24) 1 small calorie = 0.004 B.t.u. (approximately) 


Norr.—Txe Kitogram Caroriz, Or Lares Catorim, is one thousand 
times as great as the small calorie. It is used in engineering computa- 
tions in countries which have adopted the metric system. 
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(25) 1 B.t.u. = 0.252 large calorie. 
(26) 1 large calorie = 3.968 B.t.u. 


Nore.—Wuaere Hear Quantiry Is Sprciriep In Catorins, it should 
be designated whether the large calorie or the small calorie is implied. 

ExaMPpLe.—How many small calories are equivalent to 615 B.t.u.? 
So.ution.—Now, 1 B.t.u.=252 small calories. Therefore, 615 B.t.u. = 
615 X 252 = 154,980 small calories. 

ExampiE.—How many B.t.u. are required to raise 5 kilograms of 
water 5° C.intemperature? Soxution.—It is a fact that: 5 kilograms = 
5,000 grams. Hence, heat required to raise 5,000 grams, 5° C. = gm. X 
deg. Cent. = 5,000 X 5 = 25,000 small calories. Now, 1 small calorie = 
0.004 B.t.u. Therefore, 25,000 cal. = 25,000 X 0.004 = 100 B.t.u. 

80. The First Law Of Thermodynamics is: Heat and 
mechanical energy can be converted one to the other and, when 
thus converted, a definite relationship yori pelvers, 
always exists. This follows from the 
statements of Secs. 25 and 26. It 
means that heat energy can be trans- 
formed into mechanical energy (Fig. 
86) and, conversely, that mechanical 
energy can be converted to heat 
energy; it means, further, that for 
each unit (1 B.t.u., for example) of 
heat energy that is converted into 
mechanical energy, a certain number 
of mechanical-energy units (foot- 
pounds) will be formed, and vice 
versa. Theoriginal number of energy 
units of one kind of energy determines 
the number of energy units of the 
other kind that will result from a “#/~ Le 
perfect conversion. See following  [s. 86.—Heating a confined 


: gasina hot-air engine increases 
sections. the volume of the gas and thereby 


81. Since ‘““SHeat And Mechanical converts heat into mechanical 
Energy May Be Converted From “” 
One To The Other” There Must Obviously Be A Mechanical 
Unit Equivalent Of The British Thermal Unit—The foot- 
pound (Sec. 22) is a unit of mechanical energy. The B.t.u. 
is a unit of heat energy. It follows, therefore, that a B.t.u. 
should be’equivalent to a certain definite number of foot- 
younds. Experiments have proven that it is. 
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82. The Mechanical Equivalent Of Heat, that is, the 
number of foot-pounds in a B.t.u. has been determined and 
verified thousands of times. The principle of the apparatus 
involved is explained below. All of these experiments show 
that for practical engineering purposes. 


(27) 1 B.t.u. = 778 ft.-lb. 

(28) 1 ft.-lb. = 0.001,28 B.t.u. 

(29) lhp. = 42.42 B.t.u. per min. 
(30) Lhp. = 2,545 B.t.u. per hr. 


Note.—PREcIsE DETERMINATIONS Or THE MrcHANICAL EQUIVALENT 
Or Heat by the United States Bureau of Standards indicate that: 
1 B.t.u. = 778.2 ft.-lb., when 1 B.t.u. is taken as the heat necessary to 
raise the temperature of 1 lb. of water from 59 to 60° F., and = 777.5 
ft.-lb. when the B.t.u. is measured at 62° F. A B.t.u. is often taken as 
equal to 778 ft.-lb., as stated above. The arrangement used for deter- 
mining the mechanical equivalent of heat (Fig. 87) provides for the meas- 
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Fie. 87.—Apparatus for determining mechanical equivalent of heat. 


uring of the heat energy imparted to a known weight of water, H, by the 
foot-pounds of work done on the water, through the action of submerged 
paddles, P, which are caused to rotate by a falling weight, W. See also 
Figs. 88 and 89 for another arrangement for determining the mechanical 
equivalent of heat. 
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EXPLANATION.—The foot-pounds of work done by W (Fig. 87), in fall- 
ing a distance D is (neglecting friction, which can be rendered insignifi- 
cant) expended solely in stirring the water H. The friction produced 
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Fig. 88.—Mechanical equivalent of heat apparatus. (Central Scientific Co.) See 
succeeding illustration. The falling weight does work—expends energy—which heats 
the water in the container. 
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Fie. 89.—Section of friction element of mechanical equivalent apparatus. (This is a 
partial sectional view of the equipment shown in the preceding illustration.) 
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thereby raises the temperature of the water. This indicates that heat 
has been imparted to the water. By noting the rise in temperature and 
the weight of water, the amount of heat energy which results from the 
expenditure of the mechanical energy may be calculated readily. 
Exampie.—Water weighing 125 lb. and at 60° F. is held in a container, 
like that of Fig. 87. It is stirred by the paddles which are actuated by a 
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falling weight, which, when the temperature of the water has attained 
63° F., has developed 291,750 ft.-lb., of work. Assuming that all 
exterior friction is negligible, how many foot-pounds does each B.t.u. 
of heat, imparted to the water, represent. SoLruTion.—Heat absorbed 
by the water, For. (22) = Q =W (T2 — 7;) = 125 X (63 — 60) = 
125 < 3 = 375 B.t.u. Then the foot-pownds expended per B.t.u. = 
291,750 + 375 = 778 ft.-lb., which is the mechanical equivalent of heat 
as specified above. 


83. The Mechanical Equivalent Of Heat May Be Deter- 
mined Electrically with an apparatus (Fig. 90) whereby the 
electrical energy is expended in a resistor 
which is submerged in a vessel containing 
a known weight of water. The watthours 
energy expenditure can be reduced readily 
to foot-pounds. (It is a fact that: 1 watt- 
hour = 2,655.4 ft.-lb.) Then, knowing the 
initial and final temperatures of the water, 
the mechanical equivalent of heat can be 
determined. 

84, The Second Law Of Thermodynam- 
ics may be stated in many ways; two 
statements of the law are given here: (1) 
Heat has never been known to flow of its own 

Say accord from a cold to a relatively hotter body. 

Fre. 90-—Electrical (2) Ié is tmpossible to obtain work by cool- 
calorimeter for deter- ing any portion of matter below the tem- 
ee ° perature of the coldest of surrounding objects. 

To cause heat to flow from a cold to a 
relatively hotter body (as it does in refrigerating machines) an 
expenditure of energy is required. The consequences of this 
law are of great importance. It will be shown by means of 
this law that heat can never be completely converted into 
mechanical energy—not even under ideal conditions. When- 
ever heat energy is converted into mechanical energy, some 
of the heat must remain in the unconverted state as heat 
energy. The heat which cannot be converted may be con- 
sidered as an unavoidable ‘‘loss,” although the heat is not 
actually lost. 

Exampite.—Much of the heat of the steam from a boiler may be 
unavoidably “lost” (Fig. 91) by radiation from the pipes and through 
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the exhaust from the engines. But this “lost” heat raises the tempera- 
ture of the surrounding atmosphere, and is absorbed therein. 
Nots.—Tuz Frow Or Hrart Is Smimar To Tur Ftow Or Water. 
If temperature be thought of as a sort of “head” or vertical distance, 
then certain heat phenomena become — frergy Available For Useful Work, 
very clear. Thus, it is known to [: SRopEe 
everyone that water will not, of its 
own accord, flow uphill. Statement 
(1) above is very similar. Likewise, 
it may be said that it is, in general, 
impossible to obtain work from a 
stream of water by allowing the water 
to flow to an elevation lower than tee ae yy } 
that of the height of the lowest nearby 65% Unavoldable Loss In Exhaust With 
natural stream. This is shown by Fig. Theoretically Perfect Engine 
92. In IJ, Fig. 92, the centrifugal Fic. 91.—Diagram showing distribu- 
pump will be found to require more tion of energy in a non-condensing 
power than is gained by using Arrange- steam plant hoy are typical but ap- 
ment JI instead of Arrangement J. Boomoe eae oak 
This idea is similar to that of statement (2) above. 
Norre.—Tue Sreconp Law Or THERMODYNAMICS ContTRADICTS THE 
Possisiziry Or Prrpetuat Motion.—If heat could be taken from the 
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T-Utilizing Natural Hydraulic Head Loring More Than Natural Hydraulic 

Head And Pumping Water Up To River Level 
Fie. 92.—Illustrating the second law of thermodynamics. The head, lz, in II is 
greater by the distance /3, than that, li, in J. But nothing is gained in JJ by increasing 
the head by Js because the water has to be pumped back up again to the “elevation of 
the lowest nearby natural stream”’ so that it can flow away. In fact arrangement II 
would actually be considerably less efficient than that of I because of the losses in the 
additional piping and in the centrifugal pump P. This pump would have to be 

driven by the water wheel. 


atmosphere, which contains an almost unlimited supply of heat, and 
could be converted into work, then it would be possible to derive mechan- 
ical energy without the expenditure of chemical energy, as from a fuel. 
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But, as stipulated by the second law—statement (2) above—it is impos- 
sible to obtain work from the atmosphere, or from anything else, by cooling 
it below the temperature of the coldest surrounding objects. Now, the 
temperature of the atmosphere is a sort of sea-level of temperature—it is 
the temperature to which all bodies either hotter or colder will ultimately 
some if left to themselves. To obtain work from a hydraulic motor 
or waterwheel, there must be a head of water; that is, there must 
be a decrease of altitude down to alower level. Likewise, to obtain work 
from a heat motor, there must be a fall of temperature and this requires 
a source of heat at a temperature higher than atmospheric. Or, using 
the atmosphere as a heat source, there would be required a refrigerator, 
or cooling medium, at a temperature lower than that of the atmosphere. 
The latter alternative is impossible, for there cannot be found in nature 
any portion of matter which is permanently colder than the atmosphere 
and which can be used as a refrigerator. Hence, it is impossible to obtain 
work from the heat in the atmosphere. 


85. The Conversion Of Heat Energy Into Mechanical 
Energy Can Never Be Complete.—Theoretically, it would be 
possible to completely convert heat energy into mechanical 
energy if a substance were found whose temperature is absolute 
zero (Sec. 61). But since, as stated in the preceding note, no 
substance can be found the temperature of which is perma- 
nently lower than that of the atmosphere, every transformation 
of heat energy into mechanical energy, even though the machine 
is frictionless, will involve a loss due to rejected or degraded heat 
which cannot be transformed into mechanical energy. 


Aw Exampize OF Tuts Dearapep Haart is the heat in the exhaust of a 
steam engine, steam turbine, or internal-combustion engine. This 
degraded heat energy is comparable to the potential energy in the water 
which is discarded by a hydraulic motor or waterwheel—the discarded 
water is still about 3,950 miles from the center of the earth and therefore 
still contains a great amount of potential energy. But this energy cannot 
be utilized in a waterwheel because the waterwheel must discard its 
water into a nearby stream. Hence no waterwheel utilizes, or converts 
into useful mechanical energy, all of the potential energy in its water 
supply. 

86. The Conversion Of Mechanical Energy Into Heat 
Energy Usually Is Complete.—Compare this with the opening 
statement of the preceding section. If a brake be applied to a 
turning wheel, all of the mechanical energy (which is consumed 
in overcoming the resistance of the brake) will be transformed 
into heat—which will raise the temperature of the brake, wheel 
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and surrounding objects and air. In fact, the apparatus 
for determining the mechanical equivalent of heat (Figs. 87 
and 88) is based on this principle. This may again, as in the 
preceding section, be likened to the conversion of work into 
potential energy when work is done in lifting water. If 1 lb. 
of water is raised 1 ft. from the surface of the earth, its 
potential energy will be increased by 1 ft.-lb. All of the work 
done on the water adds to its stock of potential energy. 

87. The “Thermal Capacity’? Or “Heat Capacity” Of A 
Substance Is the quantity of heat (number of heat units) that 
under chosen conditions, must be added to or subtracted from 
the substance to change its temperature one degree. In the 
English system, the thermal capacity is the number of British 
thermal units which must be imparted to or abstracted from 
the substance to change its temperature 1° F. The thermal 
capacity of a given substance need not always be the same. It 
depends on the state (Sec. 49) of the substance and often on 
many other things. 

ExamMpiLes.—lIf a gas be heated in a container of given volume, its 
thermal capacity will be different than if the gas is heated in a container 
where it can expand—as when it forces out a piston; see following Sec. 99. 
For solids and liquids the thermal capacity varies slightly with the 
temperature (Sec. 88) but the variation is so small that, in engineering 
work, it is generally neglected. 


88. The “Specific Heat” Or ‘Coefficient Of Thermal 
Capacity”? Of A Substance is its thermal capacity (Sec. 87) per 
unit mass. It is the number of British thermal units that must 
be imparted to, or abstracted from, each pound of the substance 
to change the temperature of the substance 1° F. Just as 
the thermal capacities of different substances depend on the 
conditions under which they are heated or cooled (Sec. 87), 
so do also the specific heats of different substances. Figs. 93 
and 94 show how the specific heats of water, carbon, and iron 
vary with the temperature. The specific heat of a gas may, 
as is explained in Div. 8, have almost any value depending on 
the conditions under which the gas is heated or cooled. 

Notr.—Tur Exact Drrinition Or Sprciric Hear is: The specific 


heat of a substance, at a given temperature and under given external condi- 
tions, is the ratio of the thermal capacity per unit mass of this substance, at 
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the given temperature and under the given conditions, to the thermal capacity 
per unit mass of water under some chosen standard temperature and external 
conditions. If the chosen temperature and pressure for water are 63.5° F. 
and atmospheric pressure, then the thermal capacity of the water per 
unit mass is 1 and the specific heat of the substance becomes numerically 
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Fie. 93.—Specific heat of water at Fie, 94.—Specific heats of carbon and 
different temperatures and at satura- iron at different temperatures. (Franklin 
tion pressure. (Marks & Davis Steam and McNutt.) 
Tables.) 


equal to its thermal capacity per unit mass under the given conditions. 
Thus, a specific-heat value is aratio. It merely expresses how much heat 
is required to raise the temperature of any weight of the substance by 1° 
as compared with the heat required to raise the temperature of the same 
weight of water by 1°. 

Notrre.—A Sprciric Heat Vatun Is Not Proppriy Nor NEcESSARILY 
EXpRESSIBLE In Any Crrtarn Unit.—There is only one specific-heat 
value for a given substance (See Table 90) and given conditions. This 
value holds regardless of what units of weight, temperature, and heat 
measurement are employed. In this respect, a specific heat value for a 
given substance is similar to a specific-gravity value. 


89. Different Substances Have Different Specific Heats.— 
This truth may be verified by dropping two heated balls, one 
of copper and one of iron, each weighing 1 lb., and at the same 
temperature, into two vessels, both of which contain the same 
weight of water, at the same temperature. It will be found 
that the water in the vessel in which the iron ball is dropped 
attains the higher temperature. This shows that a pound of 
iron, at a given temperature, contains more heat than a 
pound of copper at the same temperature. 

Exampite.—Water has (by definition of the B.t.u., Sec. 77), a specific 
heat of 1.0. It has the greatest specific heat or capacity for heat of any 


common substance. For the specific heats of various substances, see 
Table 90. 
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90. Table Showing Mean Specific Heats Of Substances 
Between The Temperatures Of 32 And 212°F. (These 
values, except those shown for gases, are all at constant atmos- 
pheric pressure.) 


Substance poles Substance Specific heat 

Soups: Purp Mera.s 

PANNING GT. te...5 5 «0k | 0.218 Marble cerns 0.21 
Antimony... 0... .i63% 0.051 Parathin" wax ken ee 0.69 
(COUGH ad en toro creel ian Ue WiC) Borcelatnike- ere 0.255 
WOPDEL ccs aied ee 0.093 Sander. crete: See 0.195 
Goldin ate sare suv bse wie 0.031 Woods Oake «cece ancae 0.57 

PrORPE RG ans, fade 0.110 Wood ePine. acauacuk ee 0.67 

WOR ei iies siahSiorn-ce) | O.08L Liquips 

EN FEISOD evover. sie syed 6 eiere 0.108 AcetichA@id ciycscie oe oie 0.51 
HPAGI UID os. avtne ice Sc ys 0.032 AlCOBOI a! sara. sera 0.70 
DUIVEr a eee stern eae 056 Bengoll.fh's;, 2. sent 0.43 

BUSTY tepsrststeredcew che olete aoe 0.055 Hither eeacne eeeeae 0.503 

PBUN ESTED es oe.5 06 secure 0.034 Gasolities!.../es8.ne oe 0.70 

WAAC hy crores 110 oh cess overs < 0.094 Gly cerinesecnics. eer 0.576 
Souips: MrerTau Kerosenes..cce eae 0.50 

ALLOYS Machine oiler... 5. => 0.40 

Bell metal..........| 0.086 Mercury: 45.4.5 sce eee 0.033 
Brass, yellow....... 0.088 Petroleumsn. th. coe 0.033 
BSEASE, TOG rep.c esis << 0.090 Sulphuric acid.......... 0.498 
BRONZE acts see's nee! O. LOE ‘Turpentine ss.on. caer 0.472 
German silver....... 0.095 Wiaitenincn oc sari okie eee 1.000 
Nickel steel......... 0.109 Mo.uren Mprars 

BSoldepen. decor cicven:s: 0.04 to .045]| Lead 590°-680°......... 0.041 
Type metal......... “0.039 Tin 460°-660°.........++ 0.058 
Souips: Misc EL- 

LANEOUS 

IAGDEStOS:s isc cores 0. a Constant “Gonstadt 
i Bees isievers oraiere et a oe prousuradeeetnee 
Carbon, coke....... 0.203 

Cinders act... San. 4% 0.18 

Goal anus setacc ues | 0.o44 Gases AT 62° F. 

IWoncrete feels eevee 0.27 RS iors eisene. 8fe) 6 hee Sante rsieuslicias 0.238 0.169 
(Cy eG esdoooeodue 0.485 OXY LEN. ceases ee ee 0.217 0.155 
Glass, Normal ...... 0.199 Nitrogen ys fei. «ci mires oi 0.247 0.176 
Glass, Crown........ 0.16 Ey drogen weave sees heise 3.420 2.440 
Glass, Flint......... 0.12 Carbon monoxide (CO)..| 0.243 0.172 
Granite, o1c.0%../20i- 0.195 Carbon dioxide (COz)....| 0.210 0.160 
GO cate alehareincchs,o8 3) Soi 0.504 Sulphur dioxide (SO2)....| 0.154 0.123 
India rubber........ 0.27 to 0.48|| Ammonia (NHs)........ 0.523 0.407 
Limestone..........| 0.217 *Steam (average)........ 0.452 0.347 


* For one condition only. See also Table 394. 
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91. The Formula For Determining The Specific Heat Of A 

Substance On The Basis Of Its Weight And Temperature 
Change follows from the definition of Sec. 88. It is there 
implied that specific heat = B.t.u. per pound per degree tem- 
perature difference. Note, Sec. 93 below, that this applies only 
when there is no change in state. 
(31) C= aes (specific heat) 
Wherein: C = specific heat of the substance. Q = total heat 
added to the substance, in B.t.u. W = weight of the sub- 
stance, in pounds. 7, = temperature before Q is added, 
in degrees Fahrenheit. 7’. = temperature after Q is added, 
in degrees Fahrenheit. 

ExampLe.—A certain mixture, weighing 10 lb., requires 7.5 B.t.u. 
to raise its temperature 1° F. What is the specific heat of the mixture? 
SoLuTion.—Substituting, For. (81): C = Q + [W(T2 — 7T))] = 7.5 + 
[101] = 0.75 = specific heat of the mixture. 


92. The Formula For Computing The Amount Of Heat 
That Must Be Added To A Substance Of Known Specific 
Heat To Increase Its Temperature A Certain Degree Or The 
Heat Which Must Be Abstracted To Cool A Body A Certain 
Degree (when there is no change in state, Sec. 93 below) 
‘is obtained by transposing For. (31) thus: 

(32) Q = CW(T? - Ti) (British thermal units) 
Wherein the symbols have the same meanings as specified 
above. 

ExamPpie.—The specific heat of a certain grade of coal is known to be 
0.31. How many B.t.u. of heat will be required to raise the temperature 
of 1.5 lb. of this coal from 61 to 67° F.? Soturion.—Substituting, in 
For (82): Q = CW(T. — T,) = 0.81 X 1.5 X (67 — 61) = 2.79 B.t.u. 

93. The Above Formulas Apply Only Where There Is No 
Change Of State (Sec. 49). This refers to Formulas (31) 
and (32). If heat is added to water under atmospheric pres- 
sure, and at a temperature of 212° F., it will be found that 
many heat units must be added to change the temperature. 
Water changes into steam—changes its state—at 212° F. 
Much additional heat (Sec. 106) is required to effect the 
change. After water vaporizes into steam, its specific heat 
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changes; see Table 90. Also, after water freezes into ice— 
changes from the liquid to the solid state—its specific heat is 
different. In fact, the doctrine just outlined, applies in 
general to all substances, as will be evident from a considera- 
tion of the specific heat values of Table 90. 

94. To Determine The Specific Heats Of Solid Substances, 
The Method Of Mixtures is, ordinarily, the most practicable. 
A special container (Fig. 95) is 
employed to hold the liquid— 
usually water—and the solid while 
they are being mixed. The con- Thermometer-\:|-~* 
tainer is, frequently, nickel plated 
(Sec. 144) or lagged (Fig. 96) with Wari hep 
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Fie. 95.—Simple calorimeter. Fia. 96.—Calorimeter assembled (Central 
Scientific Company). 

heat-insulating material (Sec. 114) to minimize the ingress or 
egress of heat during the determination. Such a container is 
called a calorimeter. Since nearly all heat measurements are - 
made in calorimeters, heat measurement is often termed 
calorimetry. The formula employed in computing the specific 
heat—its derivation and an explanation are given below—is: 
CoWe(Tu — Tc) 

(33) Cz = WilTn — Tu) 
Wherein: Cz = the specific heat of the hotter body We = 
the weight of the cooler body, in any weight unit whatsoever. 
C, = the specific heat of the cooler body; if water is used for 
the cooler body this specific heat will be “1.” Ty = the 
final temperature of the mixture, in any temperature unit 


(British thermal units) 
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whatsoever. Jo = the original temperature of the cooler 
body expressed in the same temperature unit as Ty. Wu = 
the weight of the hotter body, expressed in the same weight 
unit as We. Tx = the original temperature of the hotter 
body, expressed in the same temperature unit as T'y. 


DerrivaTion.—In the method of mixtures, the cooler body absorbs 
heat and the hotter body looses heat. Obviously, the amount of heat 
gained by the cooler body must equal the amount of heat lost by the 
hotter body. This must be true since the calorimeter is so constructed 
that no heat can enter or leave it during the determination. Also, it is 
an obvious fact that the originally-cooler body and the originally-hotter 
body must finally attain exactly the same temperature in the calorimeter, 
which temperature is herein designated by Ty. Now, from For. (32), 
the heat gained by the cooler body will be: 


(34) Q = CcoWe(Tu — To) (British thermal units) 
Also, from For. (82), the heat lost by the hotter body will be: 
(35) Q = CeWil(Tx — Tm) (British thermal units) 


Since the heat gained by the cooler body, as expressed by For. (34), 
must equal the heat lost by the hotter body, which is expressed by For. 
(35), it follows that: 
(36) CoWce(Tu — Tc) = CxWal(Tx — Tm) 
Now, assuming that it is desired to solve for the specific heat of the 
hotter body, by transposing For. (36) there results: 
CceWce (Tu — Te) 

7 = 

CO, CS AWE he) 


(specific heat) 


which is the same as For. (83). 

ExaMpie.—What is the specific heat of lead? The lead weighs 3 lb. 
The water in the calorimeter (Fig. 97) weighs 4 lb. The temperature 
of the lead, before immersing in the water was 210° F. The initial tem- 
perature of the water in the calorimeter was 55° F. The maximum 
temperature of the water-lead mixture in the calorimeter, after adding 
the hot lead, is 58.47° F. Soxturron.—Substituting in For. (33): Cy = 
CoWe(Tm — Tc)/Wa(Tx — Tm) = [1 X 4(58.47 — 55)] + [8(210 — 
58.47)] = 13.88 + 454.59 = 0.031. 

EXxpLaANATION.—IT Is DrsireEp (Fia. 97) To DrTERMINE THE SpEcIFiIc 
Heat Or Leap. All that are necessary are: (1) Some pure water. (2) 
Lead shot. (3) Two thermometers. (4) Calorimeter. (5) A method of 
heating the lead. First, pour a known weight of water (say 4 lb.), 
which should be at about room-temperature, into the calorimeter. 
Determine accurately the temperature of this water (say it is 55° F.). 
Now pour the shot into a container, a test tube will do. Then lower the 
test tube and shot (say 3 lb.) into, and permit them to remain in a vessel 
of hot water until the shot become heated to some certain observed 
temperature, say 210° F. 
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Next, the 210° F. shot are poured from the test tube into the water in 
the calorimeter, which should contain a thermometer. The tempera- 
ture of this water will be observed to increase considerably due to the 
heat flowing from the hot shot into 
the water. Note the maximum 
temperature which the water attains 
(say it is 58.47° F.). 

Now, obviously, the temperature 
of the lead has decreased. The tem- 
perature of the water has increased. 
Since the weight of the water in the 
calorimeter and its temperature rise 
are known, the B.t.u. of heat im- 
parted to it by the shot may be com- 
puted by applying For. (82). This Fia. 97.—Determining specific heat 
heat in B.t.u. (imparted to the water of lead by the ‘‘method of mixtures.”” 
by the shot) must be the same amount 
of heat as that which is given up by the lead. Then, since the tem- 
perature in degrees, the weight, and the amount of heat given by 
the lead to the water are known, the specific heat of the lead may be 
determined, readily, by using For. (82) transposed. Study the follow- 
ing solution, of the example above given, in which it is assumed that 
there are no heat losses to the air or to the calorimeter and its insulating 
material. This solution illustrates another slightly different method of 
calculating specific heat. In a practical problem, the heat-loss items 
would require consideration, if accurate results are essential. 

SoLtution.—By For. (32) the heat imparted to the water = Q =C X 
W(T2 — 7:1) = 1X4 (58.47 — 55) = 18.88 B.t.u. Therefore, also the 
heat given up by the lead = 13.88 B.t.u. That is, the heat lost from the 
lead = heat gained by the water. Then, Q = CqWxH(Tq — Tm) or 
Cx = Q + [Wa(Tx — Tm)] = 13.88 + [3(210 — 58.47)] = 0.031, which 
is the specific heat of lead, as shown in Table 90. 

95. The Effect Of Mixing Two Or More Different Sub- 
stances Of Unequal Temperatures may be understood from a 
further consideration of the principles which have just been 
presented. Thus, if 10 lb. of water at 20° F. is mixed with 
10 lb. of water at 100° F., obviously, the resulting temperature 
of the mixture will be: (20 + 100) + 2 = 60°F. However, if 
10 lb. of water at 20° F. is mixed with 10 lb. of copper at 
100° F., the temperature after mixing will not be 60° F. The 
resulting temperature can—if there is no change of state, 
Sec. 93, as a result of the mixing—be computed by using this 
formula: 


(38) T= 


& 


 Colorimeters 


T-After 
Mixing 


T-Before 
Mixing 


W.CiT, + W:C.7. + W;C37'3 -- etc. 


WC, + W.2C2 + W;3C3 + etc. (degrees) 
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Wherein: Wi, We, W3, etc. = respectively, the weights of 
the different substances of the mixture, in any weight. unit 
whatsoever providing all are in the same unit. (Cy;, C2, Cs, ete. 
= respectively, the corresponding specific heats of the differ- 
ent substances. 71, 72, T's, ete. = respectively, the cor- 
responding initial temperatures of the different substances, in 
any temperature unit provided all are in the same unit. 
T =the resulting final temperature of the mixture, in the 
same temperature unit as 71, T2, 7's, etc. 

DERIVATION.—Temperatures as shown by thermometer scales are 
reckoned above an arbitrary datum or ‘‘zero.”” Now, by definitions: 
The heat in a substance above the arbitrary zero = Weight X Specific 


heat X Temperature above 0°. That is, using symbols, the heat, Q, in 
a substance above 0° may be expressed by: 
(39) Q = WCT (heat) 
or by transposing For. (39), the temperature, 7’, of a substance of known 
weight, W, known specific heat, C, and to which has been added a known 
quantity of heat, Q, will be: 

Q Quantity of heat above 0° 
0) ii Wc Weight aa heat CO 
Now where several different component substances of different specific 
heats and different weights are ‘“‘mixed” to form one ‘‘substance,”’ it 
follows that: 
(41) Q = WiCilT, + W2C2T2 + W3C37'3 + etc. (heat) 
Furthermore, it also follows that for the same several different sub- 
stances: 
(42) WC = W,C, + W2C2 + W3C3 +4 etc. (thermal capacity) 
Hence, substituting Fors. (41) and (42) for their equivalents in For. (40), 
there results: 


(43) T= 


W,C,7, + W.CoT > -++ W;:C;37'3 + etc. d 
WC, + WC. + W:;C3 + etc. ( egrees) 
which is the same as For. (88). 

Exampie.—lIf 40 lb. of water at a temperature of 160° F. is mixed 
with 21 lb. of water at 52° F., what is the temperature of the mixture? 
It is assumed that no heat is gained or lost by the vessel in which the 
mixing occurs. Soxtution.—The specific heat of water is “1.” Now 
substitute in For: (88): GP (W,C,T; + W2C2T's)/(WiC, + W.C,) = 
[(40 X 1 X 160) + (21 X 1 X 52)] + [(40 X 1) + (21 X 1)] = (6,400 + 
1,092) + (40 + 21) = 7,492 + 61 = 122.82° F. 

Exampip.—A block of wrought iron which weighs 3.25 lb. is heated to 
a temperature of 780° F. This hot iron block is dropped into a copper 
pan, which weighs 2 lb. and which contains 7.8 lb. of water. Both the 
water and the pan are at a temperature of 80° F. What. assuming no 
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loss or gain of heat to or from outside sources, will be the final tempera- 
ture of the ‘mixture’? So.urion.—Assume the following specific 
heats: Copper = 0.095. Water = 1. Wrought iron = 0.114. Now 
substitute in For. (38): T = (WiCiT: + W2Co7's + W3C37'3)/(WiCi + 
W2C2 + WsCz) = [(3.25 X 0.114 X 780) + (2 X 0.095 X 80) + (7.8 X 
1 X 80)] + [(8.25 X 0.114) + (2 X 0.095) + (7.8 X 1)] = 111.0° F. 


Exampte Ivuustratina How Tur TEempreraturE Or A FurNAcre 
May Br Detrerminep By Appiyine Tue “ Mrrsop Or Mrxturss.”’— 
A block of wrought iron which weighs 1 lb. is placed in a furnace and 
permitted to remain there until it attains the temperature of the furnace. 
It is then removed and placed in a copper bucket which contains exactly 
2 lb. of water at a temperature of 75° F. The copper bucket weighs 
44 lb. The final temperature of the mixture is 156° F. What was the 
temperature of the furnace? (Assume that none of the water is vapor- 
ized into steam and that there is no exterior loss or gain of heat by the 
bucket.) Sotution.—Use the values for specific heats which are given 
in the preceding example. Now transposing For. (88) for 7; there 
results Ts = [T(W.1.C, + W.C2 + W:;Cs3) aS (W2CoT > + W:;C37'3)]/WiCi. 
Now, substituting the values above given in this formula: 7, = [156 X 
(1 X 0.114 + 0.5 X 0.095 + 2 X 1) — (0.5 X 0.095 X 75 +2x1*X 
75)] + (1 X 0.114) = [156 X (0.114 + 0.048 + 2) — (8.562 + 150)] + 
0.114 = [156 X 2.162 — 153.562] + 0.114 = [837.272 — 153.562] + 
0.114 = 183.71 + 0.114 = 1,613° F., which is the temperature of the 
iron block when it was dropped into the water, and therefore the tem- 
perature of the furnace. 


96. Heat Energy, When Added To A Substance, May Be 
Expended In Three Ways and in only three ways. (The three 
different kinds of heat were already mentioned in Sec. 54, in 
connection with the three possible effects of heat transfer.) 
The heat energy may be expended in doing: (1) Vibration work. 
(2) Disgregation work. (3) External work. All of the heat 
transferred must be expended in one, two, or all three of these 
ways. Likewise, heat energy when abstracted from asubstance 
may be the result of vibration work, disgregation work, or 
external work—any one, two, or all three. Thus, as will be 
shown, the vibration work, disgregation work, and external 
work may be “‘positive”’ or ‘“‘negative,’”’ depending on whether 
heat energy is added or abstracted and upon the pressure 
conditions during the transfer of heat. In general, the work 
will be positive when heat energy is added and will be negative 
when heat energy is abstracted. These three kinds of work 
are further explained in following sections. 
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ExaMpLe.—(a) Imagine that a piece of ice, the temperature of which is 
—60° F. (60° F. below zero) is warmed by the gradual addition of heat. 
The ice is assumed to be heated in a vessel which is open to the atmos- 
phere. Its temperature will rise gradually up to 32° F. During this 
warming, the volume of the ice is increased but slightly. Hence, little 
external work was done by the expansion of the ice against the external 
atmospheric pressure; also, very little work (disgregation work) was done 
in separating the molecules which composed the ice. Therefore, nearly 
all of the added heat is expended as vibration work to increase the tem- 
perature of the ice. 

(b) When the temperature of the ice reaches 32° F. (due to the gradual 
heating), a change may be noted. The temperature of the ice ceases to 
rise as more heat is imparted to it. It is found, however, that the ice 
gradually changes from the solid to the liquid state—it melts into water; 
the added heat is expended in disgregation work. During the entire melt- 
ing process, the temperature of the mixture of ice and water remains at 
the temperature of 32° F.; no vibration work has been done. During 
this change of state, the volume of the substance has been changed; 
hence, external work has also been done. How the addition of heat 
changes the “‘state” is explained in Sec. 98. 

(c) After all the ice has been melted, the further addition of heat will 
again increase the temperature of the substance (now water), which 
requires vibration work. The temperature will increase until it reaches 
212° F. During this interval the volume will again increase but little; 
little disgregation work and little external work is done. Hence, nearly all 
of the heat imparted to the water may be said to be expended in vibration 
work in increasing the temperature of the water as in (a). 

(d) When the temperature of the water reaches 212° F. (due to the con- 
tinued gradual heating) another change is noted. The temperature of 
the water ceases to rise as more heat is imparted to it. It is found, how- 
ever, that the water gradually changes from the liquid to the gaseous 
state—it evaporates into steam. If the enclosing vessel is large enough, 
the steam will be collected above the water surface and its volume will 
be found to rapidly increase forcing out the air which previously occupied 
this space. Finally, all of the water will be evaporated into steam whose 
temperature is 212° F. The volume of the steam will be about 1,600 
times that of the water just before evaporation began. Hence, during 
the change from water at 212° F. to steam at 212° F., the heat which 
was added did two things: (1) It, by the expenditure of disgregation work, 
changed the water into steam. (2) It, by doing external work, drove out 
the air from the enclosing vessel. Hence, the heat was effective in chang- 
ing the state of the substance and in doing external work but it did not 
change the temperature of the substance. [Compare with (b).] 

(e) After the water has all been evaporated into steam, a further gradual 
addition of heat will again do vibration work and thereby increase the 
temperature of the substance (now steam). The volume of the steam 
will at the same time increase quite rapidly and by doing external work 
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force out more air from the containing vessel. The molecules of steam 
are separated somewhat so that, in a sense, there is a change of state—an 
expenditure of disgregation work—but this change is not as pronounced 
as those in (b) and (d) above. Hence, the addition of heat to the evapo- 
rated steam is effective in (1) Doing vibration work in increasing its tem- 
perature. (2) Doing disgregation work in changing its state. (3) Doing 
external work. 

(f) After the steam is heated to some very-high temperature, it will again 
be found that further gradual addition of heat will not increase its tem- 
perature. There is still another change of ‘‘state.”” Now the atoms of 
which the steam molecules are composed (hydrogen and oxygen atoms) 
will be separated. In other words, the steam will, by the expenditure of 
disgregation work, be dissociated into hydrogen and oxygen. Hence, the 
change may be called a chemical change. The temperature at which 
this dissociation takes place is, however, so high that it is uncommon in 
heat engineering. Furthermore, the study of dissociation is beyond the 
scope of this book and will not be further treated herein. It is mentioned 
here simply to show that there is change of state which even some gaseous 
substances may undergo when heated. 


97. Vibration Work, symbol Wy, is the work (which can be 
measured in foot-pounds but is most conveniently measured in 
B.t.u.) which is done by the vibration heat (Sec. 54). It is 
the work which is done by added vibration heat on the mole- 
cules of a substance in increasing their kinetic energy—vibra- 
tional velocity—and, thus in increasing the temperature of 
the substance. Or similarly it is the work which is done by 
subtracted vibration heat, in decreasing temperature. Thus, 
when the temperature of a substance is decreased, the mole- 
cules of the substance give up a portion of their kinetic energy 
—hence, ‘‘negative’”’ vibration work is done. Vzbration heat 
is, therefore, also called temperature heat, thermometer heat, 
and sensible heat (because it is the heat which affects the sense 
of touch). A formula for vibration work may be written thus: 


(44) Wy = 7T78Qy (foot-pounds) 
Wherein: Wy = the vibration work, in foot-pounds Qy = the 
vibration heat, in B.t.u. 778 = the mechanical equivalent of 
heat (Sec. 82). Wyand Qy are both positive when the tem- 
perature of a substance is raised and are both negative when 
the temperature is decreased. 


Exampiy.—A gas is confined in a closed vessel (Fig. 98) which is pro- 
tected (insulated) so that no heat can pass through the walls of the vessel, 
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Awire is led into the vessel and an electric current is passed through the 
wire. A transformation of electric energy into heat energy takes place 
and 50 B.t.u. are given to the gas. If the vessel does not permit the 
gas to expand, how much vibration work is done? 
Sotution.—Since the gas cannot expand, the 
heat energy cannot do disgregation work nor ex- 
ternal work. Hence, the entire 50 B.t.u. is ex- 
pended as vibration work. By For. (44): the 
vibration work = Wy = 778Qy = 778 -X 50= 
38,900 ft.-lb. 

ExaMpLe.—As a piece of iron is permitted to 
cool from 600° F. to 80° F., it is found that 250 
B.t.u. are given up by the iron. How much vibra- 
tion work is done? SotutTion.—Since the tem- 
perature has been reduced, Qy and Wy are both 
negative. Hence, Qy = —250 B.t.u. and, by For. 
;, (44): Wy = 778Qy = 778 X (—250) = —194,500 

Fie. 98.—A gas being ft.-lb. 
heated ina closed vessel NoTe.—VIBRATION WorK OR VIBRATION HEAT 
where it cannot expand. Can Br Direcrty Murasurep only when the 
oe vibration work if .1bstance which is heated or cooled is so confined 

that it cannot expand or contract, as in the 
preceding example. With most solids and liquids, however, the expan- 
sion or contraction due to heating or cooling is, in any case, so small that 
only a negligible error results by assuming that all heat added or 
abstracted is effective as vibration heat. Hence, for solids and liquids 
when no change of state occurs, it is practically true that heat added = 
vibration heat. For methods of accurately determining vibration heat, 
see Sec. 102. 


lectric Leads-, 


* 


Heating Coil, 
Heat-Insulating Material” 


98. Disgregation Work, symbol Wp, is the work which is 
done by the disgregation heat (Sec. 54). It is the work which 
is done by added heat on the molecules of a substance in over- 
coming their mutual attractive forces—in increasing their 
potential energy by separating them—and, thus, in changing 
the state (Sec. 49) of the substance; this is called ‘‘positive”’ 
disgregation work. When heat is given up by a substance 
during a change of state, this heat is always the result of the 
work done by the molecules of the substance in drawing each 
other closer together—in doing ‘‘negative”’ disgregation work. 
A formula for disgregation work follows: 


(45) Wp = 778Qpd (foot-pounds) 
Wherein: Wy = the disgregation work, in foot-pounds. Qp 
= the disgregation heat, in B.t.u. 778 = the mechanical 
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equivalent of heat (Sec. 82). Wp and Qp are both positive 
when the state is changed from solid to liquid or liquid to 
gaseous. They are both negative when the state is changed 
from liquid to solid or gaseous to liquid. 


Examp.te.—Assume that there was a liquid which did not expand nor 
contract in freezing. (Actually, all liquids do either one or the other.) 
Imagine further that it takes 100 B.t.u. to melt 1 Ib. of this substance ° 
from the solid to the liquid state 
(Fig. 99). How much disgregation 
work is done in melting 1 lb: of this 
substance? Sotution.—Since the 
temperature of asubstance does not 
change during the melting, no vibra- 
tion work is done. Also, since the 
substance does not expand or con- 
tract, no external work is done. . wes 
Hence, the entire 100 Btu. is effec- “y_meitin g Rem el puts ‘ 
tive in doing disgregation work. By Begun Finished 
For. (45): the disgregation work = Wp Fria. 99.—Melting 1 Ib. of a substance. 
=778Qp= 778 X 100 = 77,800 ft.-lb. 

Exampie.—How much disgregation work is done in freezing 1 lb. of 
the substance of the preceding example? SoxiutTion.—During freezing, 
Qp and Wp are both negative. Hence, Qp = —100 B.t.u., and by For. 
(45): Wp = 778Qp = 778 X (—100) = —77,800 ft.-lb. 

Norr.—Tue DisGreGATION Work Or DIsGREGATION HuAT Can BE 
Merasurep Drirectiy only if the heated substance does not expand or 
contract during a change of state. In practically all cases, the disgrega- 
tion work or disgregation heat is not measured directly but is computed, 
as will be explained, from other heat measurements. 


Temperature Remains 
9.2--Constant----. > 


SSS 


SSSSS5 


99. External Work, symbol Ws, is the work (usually mea- 
sured most conveniently in foot-pounds) which is done by the 
external-work heat (Sec. 54). It is the work done by the 
substance in expanding (Fig. 86) against restricting forces; 
if a body is heated in the atmosphere then the restricting 
forces are those which are imposed on the body by the atmos- 
pheric pressure—the body must push away the atmosphere. 
It thus does “positive’’ external work. If, however, during a 
heat transfer the volume of the body is decreased, then the 
external forces help to heat the body and “‘negative”’ external 
work is done. A formula for external work follows: 


(46) We = 778Q: (foot-pounds) 
Wherein: Wz = the external work done, in foot-pounds. 
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Qz = the external-work heat, in B.t.u. 778 = the mechani- 
cal equivalent of heat (Sec. 82). Wz and Q, are both positive 
when the volume of the substance is increased; they are both 
negative when the volume is decreased. 


ExampLe.—Assume that a cylinder (Fig. 100) contains 1 cu. ft. of gas 
at a certain temperature and pressure and that the cylinder is fitted with 
a piston. Assume, further, that heat 
is supplied to the gas and the piston 
is permitted to move out of the cylin- 
der at such a rate that the tempera- 
ture of the gas does not change. It 
may here be assumed (it is proved in 
Sec. 258) that for a gas the disgrega- 
tion work is zero. If 10 B.t.u. are 
imparted to the gas, how much ex- 
ternal work does the gas do in push- 
ing out the piston? SoLtuTion.— 
Since the temperature remains con- 
stant, no vibration work is done and 


Piston Is Withdrawn 
By An External force-.. ae 


‘Roman 
Remains 
«Constant Ss 


SSESSSS 5555550 


SS 


RS 
Ni 


I-Hegting —_ Il-Heating 


Begins Ends ~ since, as stated in the example, no 
Fig. 100.—Heating a gas and main- isgregation work is done, all of the 
taining a constant temperature. imparted heat must be external work 


heat. Hence, by For. (46): the external 

work = Wz = 778Qz = 778 X 10 = 7,780 ft.-lb. 
Norr.—ExtEernaL Work Is (As FurtTHER EXPLAINED In FoLLOWING 
Sec. 263) Usuatty DETERMINED From THE PRESSURE-VOLUME RELA- 
TIONS Durine Tue Appition Or Hrat.—If the body is subjected to a 


constant pressure during the heating, then (see Sec. 263 for the derivation 
of this formula): 


(47) External work = pressure X change in volume 
Or, expressing the same thing with symbols: 
(48) Wr =P X (V2 — V3) (ft.-lb.) 


Wherein: Wz = the external work, in foot-pounds. P = pressure, in 

pounds per square foot. V2 and V, 

= the final and initial volumes, re- G uaa Copper 

spectively, of the body, in cubic feet. l Saas 
If, during the heating, the pressure 

is not constant, then 

(49) Haternal work = average pressure 


x change in volume (ft.-lb.) 
Or, the external work may be found fig. 101.—An expanding rod may do 
directly from a pressure-volume dia- work, 


gram as explained in Sec. 262. 
ExamPie.—The weight W (Fig. 101) weighs 10 lb. The distance, L, 
through which the weight has been lifted by the expansion of the copper 
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rod, is 0.02 in. Therefore, the work done—the energy expended—by the 
external heat which has manifested itself in expanding the rod = 10 X 
0.02 = 0.2 in.-lb. 


100. If The Quantity Of Heat Which Is Transformed Into 
Mechanical Energy By The Expansion Of A Solid Or Liquid 
Were Restrained From Such Transformation, the heat would 
then expend its energy solely in raising the temperature. 
Thus it would manifest itself solely as vibration or sensible 
heat—instead of as external-work heat as in Fig. 101. 


EXPLANATION.—Imagine an iron rod (Fig. 102) to be encased in a 
massive steel die, and to be heated by an electric current. The rod would 
tend to expand. But expansion 
would be prevented, in all direc-  /rompressibie 
tions, by the steel die. Hence, no 
external (mechanical) work could 
or would be done. No external- 
work heat could be expended. 
But the heat which would be 
transformed into mechanical work, 
if the rod were free to expand, 


| 


would, nevertheless, manifest itself Goris be steel" 
as vibration work in raising the Iron Rool-~ ce 
temperature of the constrained Fie. 102.—Imaginary construction of 


rod. Hence, the temperature of steel dies for preventing expansion of 
this. embedded rod would be _ iron rod. 
higher than it would be if the rod were free to expand. 

101. The Fundamental Heat Transfer Equation is merely 
a formula expressing the facts of Sec. 54. It may be written: 


(50) Q=90,+0,4+ QM (British thermal units) 


Wherein: Q = the total heat transfer, in British thermal units. 
Q, = change in vibration heat, in British thermal units. 
Q> = change in disgregation heat, in British thermal units. 
Q, = external-work heat, in British thermal units. 

If the heat effects are to be expressed in foot-pounds it 
follows that, since 1 B.t.u. = 778 ft.-lb. (Sec. 82), the formula 


will become: 
(51) Q = aa(Wr + Wp+ Wz) (British thermal units) 


Exampie.—A certain weight of a certain liquid substance is changed, 
by heating, into a vapor, at an increased temperature. To effect the 
change it is found that: 140 B.t.u. is expended in the external work 
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which is done by the substance, during the process, due to the increased 
volume of the substance; 360 B.t.u. is expended in raising the temperature 
of the substance; 1,800 B.t.u. is expended in changing the state of the 
substance from a liquid to a gas. What total amount of heat must be 
transferred to the substance to effect the change? SoLtutrion.—Sub- 
stituting in For. (50): Q = Qv + Qo + Qz = 360 + 1,800 + 140 = 
2,300 B.t.u. = Total heat transferred. 

ExampLe.—It is found, by experiment, to require 1,150.4 B.t.u. to 
raise the temperature of 1 lb. of water from 32° F. to 212° F. and evapo- 
rate it into steam when all of the heating is done in an open vessel (atmos- 
pheric pressure). The final volume of the evaporated steam is 26.79 cu. 
ft. The initial volume of the water at 32° F. was approximately 0.016 cu. 
ft. What is the vibration heat, disgregation heat, and external-work 
heat? Soiution.—By definition of the British thermal unit, 180 B.t.u. 
are required to raise the temperature from 32° F. to 212° F. By the 
example under Sec. 96, this may be taken as vibration heat. By For. 
(48): We =P X (V2 — Vi) = (14.7 & 144) X (26.79 — 0.016) = 56,650 
ft.-lb. Now, by For. (46), transposed: the external-work heat = Qr = 
W2/778 = 56,650 + 778 = 72.8 B.t.u. Also, by transposing For. (50): 
Qp = Q — (Qy + Qz) = 1,150.5 — (180 + 72.8) = 897.6 B.t.u. = dis- 
gregation heat. 


102. How The Heat Energy Does Work When A Solid 
Body Is Heated.—A solid body expands but little; the disgrega- 
tion and external works are therefore small. When the vibra- 
tion work is being considered, the disgregation work and the 
external work may ordinarily be neglected. When a solid 
body is heated, as for example a piece of iron, it is therefore, 
generally assumed that all of the heat is used in raising the 
temperature. Or, when a solid is heated: 


(52) Q = Qy (very nearly) (British thermal units) 


103. How The Heat Energy Does Work When A Solid Is 
Melted To The Liquid State-——During the melting of a solid 
body there is no change in its temperature; hence, no vibration 
work is done during the melting. Furthermore, when a 
body melts there is usually only a very small change in volume 
although some bodies expand and others contract as they melt. 
Hence, very little external work is usually done by the body 
in melting. Nearly all of the added heat is used in doing 
disgregation work—in overcoming the mutual attractive 
forces between the molecules and giving them the freedom 
which they have in the liquid state. Therefore, if the small 
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amount of external work is neglected, all of the added heat 
(the latent heat of melting, Sec. 106) is effective in doing 
disgregation work; or, expressed as a formula: 


(53) Q = Q» (very nearly) (British thermal units) 


Noty.—Wuen A Liquip Is Hrarep, the conditions are almost the same 
as when a solid is heated—expansion is very small, usually, and the 
disgregation and external works may ordinarily be neglected when the 
vibration work is being considered. Hence, For. (52) applies equally 
well to the heating of solids and liquids. 


104. How The Heat Energy Does Work When A Liquid Is 
Vaporized.—As there is no change in temperature while a 
liquid is being vaporized, no vibration work is done. Now 
during vaporization the volume of the substance is increased 
many fold; therefore a considerable quantity of external work 
is done. However, by far the greater fraction of the latent 
heat of vaporization is used in doing disgregation work—in 
separating the molecules against their mutual attractive 
forces. During vaporization, therefore, 


(54) 2 =20,4+ Q2 (British thermal units) 


105. How The Heat Energy Does Work When A Gas Is 
Heated.—In a gas the molecules are so far apart in comparison 
to their own size that the attraction of one for the other is so 
small that it is inappreciable. Hence, practically no work is 
necessary to separate them farther. Therefore the disgrega- 
tion work is zero and the formula becomes: 


(55) Q=0,4+ Q: (British thermal units) 


Note.—Tue Revative Macnirupes Or Tue Visration AND ExTER- 
NAL-woRK Heats Derprenps On the conditions under which the gas is 
heated, this is further explained in Div. 8. Suppose that the air in a 
cylinder is being heated (lig. 100). The piston may be held in one position 
during the heating; then no external work will be done and Qz will be 
zero (because the air cannot expand and do external work) and all of 
the heat must then go toward raising the temperature. Or, the piston 
may be raised by an external force at such a rate that the temperature 
will decrease, due to expansion, just as fast as it tends to rise due to the 
heating; under such conditions the temperature will remain constant 
(Qy = 0) and all of the heat will be expended in doing external work. 


106. Latent Heat is the heat energy which is required to 


produce changes in the physical state (Sec. 49) of a substance— 
to change it from solid to liquid, from liquid to gas, or the 
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reverse of either. Thus, the change of physical state may be 
either a melting, freezing, vaporization (evaporation), or con- 
densation. During melting and vaporization, heat must be 
supplied to the substance; during freezing and condensation 
heat must be abstracted from it. Furthermore, the amount 
of heat which must be supplied during the melting of a given 
weight of a substance is the same as that which must be 
abstracted while it freezes under the same conditions. The 
amount of latent heat required for melting or freezing is 
called the latent heat of melting or the latent heat of fusion. 
Likewise, during the vaporization of a certain weight of a 
substance the same amount of heat must be supplied as must 
be abstracted from it in condensing it. The amount of heat 
which must be transferred to or from a substance during its 
vaporization or condensation is called the latent heat of vaporiza- 
tron or the latent heat of evaporation. 


Nore.—Tue Latent Heat Is Toe Sum Or Tue DisGReGATION AND 
EXTERNAL-woRK HeEats.—This follows from the fact that, during a 
change of state (under constant pressure), the temperature of a substance 
does not change. Hence, no vibration heat is necessary to effect the 
change and 
(56) Qt = Qn+ Qz (British thermal units) 
Wherein: Qz = the latent heat of the substance, in British thermal units. 
Qp = the disgregation heat during a constant-pressure change of state, 
in British thermal units. Qz = the external-work heat during the 
constant-pressure change of state, in British thermal units. 

EXPLANATION.—Suppose a solid substance, as an ingot of lead, is 
heated until its temperature rises exactly to the melting point. The 
heat absorbed by the substance up to this point increases the motion of 
the molecules and is called (Sec. 54) vibration or sensible heat. 

Now, if more heat be added to the ingot, it will instantly begin to melt. 
But its temperature will not rise. The heat energy which is now absorbed 
by the ingot is expended entirely in the work of melting—in transforming 
the molecular structure from the solid to the liquid state. It is disgrega- 
tion heat. None of the heat is available for raising the temperature 
while the work of melting is going on—it is all used in separating the 
molecules. Hence the temperature will continue constant until the ingot 
is wholly melted. But at the exact instant when the melting is complete, 
the temperature of the molten lead will, if the heating still continues, 
begin to rise. The heat which was absorbed by the lead while its tem- 
perature remained stationary is its latent heat of melting. The latent 
heat of melting is further explained in Sec. 289 and the latent heat of 
vaporization in Sec. 322. 
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Examp.e.—What is the latent heat of vaporization of 1 lb. of water at 
atmospheric pressure? SoLtution.—By the example under Sec. 101, 
Qp = 897.6 B.t.u. and Qz = 72.8 Btu. Hence, by For. (56): the 
latent heat = Q, = Qo + Qz = 897.6 + 72.8 = 970.4 B.t.u. 

Nots.—Larent Heat May Exist Wirnin A Huarep Svupsrance, 
Even WuHEN TuHEre Is No Outwarp ManirestaTION Or A PuysIcaAL 
CuANGE in the substance. The latent heat present in such cases will not, 
however, manifest itself until a change in state occurs. Thus, water at 
ordinary atmospheric temperatures contains its latent heat of melting 
but this latent heat does not manifest itself (show its presence) until the 
water is cooled to the freezing point and begins to solidify or freeze. 


107. “Internal Heat” Or “Intrinsic Heat” is the heat 
energy which is expended in doing work on the molecules 
both in increasing their vibrational velocity—kinetic heat 
energy—and in separating them against their forces of mutual 
attraction—increasing their potential heat energy (Sec. 52). 
It is the heat inside the substance. It does not include the 
heat energy which ‘is expended in separating the molecules 
against external forces—in doing external work. Hence, 
during any heat transfer toor from a substance, the change in 
internal heat: 

(57) Q, = Qr+ QO (British thermal units) 
(58) Q=90,+ Q:z (British thermal units) 
Wherein: Q; = the change in internal heat, in British thermal 
units. Qy = the change in vibration heat, in British thermal 
units. Qp = the change in disgregation heat, in British thermal 
units. Q = the total heat transfer, in British thermal units. 
Qz = the change in external-work heat, in British thermal units. 

ExampLe.—How much internal heat is expended in changing 1 lb. of 
water from the liquid state at 32° F. to the steam state at 212° F.? 
So_uTion.—By the example under Sec. 101, Qvy = 180 B.t.u. and Qp = 
897.6 B.t.u. Hence, by For. (57): the change in internal heat = Qr = 
Qv + Qpv = 180 + 897.6 = 1,077.6 B.t.u. 

108. The Total Heat Of A Substance, oras it is often termed, 
the total associated heat, is, strictly speaking, the total heat 
energy, in the substance above the absolute zero of tempera- 
ture. Actually, in practice, “total heat” is, unless otherwise 
specified, taken to mean the total heat in the substance above 
some arbitrarily-chosen convenient reference temperature. 

Norre.—With present means for making heat determinations it is 
impossible to definitely compute the total-heat contents of substances 
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from absolute zero. Hence, it is necessary to regard some convenient 
degree of temperature and state as the ‘‘zero,” datum point or basis for 
heat computations. In dealing with water and steam, the heat energy of 
water (in liquid form) at 32° F. is generally taken as the arbitrary zero of 
heat energy (see also Sec. 365). This procedure works no hardship since 
we are usually, in practice, interested in the amount of heat which is 
transferred to or from a substance, rather than in the total amount of 
heat which it contains above absolute zero. 

ExaMPLE.—What is the total heat of 1 lb. of water at 100° F? at 
212° F.? Of 1 |b. of steam at 212° F.? Sotution.—By For. (82), for 
water heated from 32° F. (the datum point) to 100° F., the total heat = 
Q = CW(T, — T:) = 1X1 X (100 — 32) = 68 Btu. Likewise, for 
water at 212° F., the total heat = 1 X 1 X (212 — 32) = 180 B.t.u. As 
given in the example under Sec. 101, for steam at 212° F., the total heat = 
1,150.4 B.t.u. 


QUESTIONS ON DIVISION 4 


1. What properties of a substance determine the amount of heat energy that the 
substance contains? 

2. What was the ancient philosophers’ theory of the nature of heat? 

8. What is the unit that is used in English-speaking countries for measuring quanti- 
ties of heat? Give its definition. 

4. Give the formula for computing the quantity of heat necessary for raising the 
temperature of water by a specified amount. 

5. What is a small calorie? A large calorie? How are they related in size to the 
British thermal unit? 

6. State the first law of thermodynamics. Is a British thermal unit the equivalent 
of any certain number of foot-pounds? If so, what is the number and what is it called? 

7. Draw asketch of the apparatus and explain how the mechanical equivalent of the 
British thermal unit is determined. Do the same for an electrical method. 

8. State the second law of thermodynamics. What is the most important conse- 
quence of this law? 

9. Can you give a hydraulic interpretation of the second law? 
‘ 10. Can the conversion of heat energy into mechanical energy ever be complete? 
Explain fully and give a hydraulic analogy. 

11. Is the conversion of mechanical energy into heat energy ever complete? Give 
an example and a hydraulic analogy. 

12. What is meant by the thermal capacity of a substance? Is it always the same 
for a given substance? Give examples. 

13. What is meant by the specific heat of a substance? How does it differ from 
chermal capacity? What is another name for the specific heat? 

14. Have all substances the same specific heat? Explain as fully as you can and give 
some numerical values. 

15. How can the specific heat of a substance be determined? Give the formula. 

16. How would you determine how much heat must be added to a substance of 
known specific heat in order to raise its temperature a given amount? Give the formula. 

17. Draw a sketch and describe the method of finding the specific heat of a substance 
by the method of mixtures. 

18. In what three ways may heat energy, when added to a substance, be expended? 
Explain the effects of the heat energy that is added in raising the temperature of ice 
from below the freezing temperature to a very high temperature. 

19. What is meant by vibration work? What is the heat called that is effective in 


doing vibration work? Give an example of vibration work and give theformula. When 
and how is it measured directly? 
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20. What is meant by disgregation work? The heat which does disgregation work is 
how termed? Give an example of heat doing disgregation work. Give the formula. 
How is disgregation work measured? 

21. What is meant by external work? The heat which does external work is how 
termed? Give the formula for external work. How is it generally measured? Give 
an example of heat doing external work. 

22. State the funda:ental heat-transfer equation. Upon what is it based? Give 
an example of its application. 

23. How does heat energy do work when a solid body is heated? Explain. 

24. How does heat energy do work when a solid is melted? Explain. 

25. How does heat energy do work when a liquid is heated? Explain. 

26. How does heat energy do work when a liquid is vaporized? Explain. 

27. How does heat energy do work when a gas is heated? Explain. What are the 
relative magnitudes of the two kinds of work? 

28. What is the meaning of the term latent heat? Latent heat of melting? Of fusion? 
Of vaporization? What two kinds of work are done by the latent heat? 

29. What 1s the meaning of internal heat? What is another name for it? What two 
kinds of work are done by the internal heat? 

30. What is meant by the total heat of a substance? Why is the total heat not usu- 
ally used in engineering calculations? What is used instead? 


PROBLEMS ON DIVISION 4 


1. A bucket containing water is placed over a fire for heating. The temperature of 
the water is 55° F. Its weight is 35 lb. How much heat must be added to it to raise its 
temperature to the boiling point which is 212° F.? 

2. What would be the temperature of 8 lb. of water which had an original tempera- 
ture of 60° F , after 265 B.t.u. of heat has been added to it? 

8. A boiler in a heating system is known to be 50 per cent. efficient. The boiler is 
refilled with water at a temperature of 65° F. After burning the coal which liberates 
50,000 B.t.u., the water has a temperature of 210° F. What is the weight of the water 
in the boiler? 

4, After a certain time, the temperature of 15 liters of water, contained in a closed 
vessel, is found to be decreased 35° C. How many large calories of heat have been lost? 
How many B.t.u.? (A liter of water weighs one kilogram.) 

5. In a certain power plant, it is found by test that an engine is delivering, as avail- 
able work, 12 per cent. of the heat in the coal which 1s burned If 17 lb of coal are 
burned in one hour, what is the amount of energy delivered by the engine per hour? 
What horsepower is the engine delivering? (Assume that the coal contains 14,000 
B.t.u. per Ib ) 

6. In a specific-heat determination, 8.75 B.t.u. are added to 4.5 lb. of nickel. It is 
found that the nickel temperature increases from 65 to 83° F. What is the specific heat 
of the nickel? 

7. A soft-steel plate which weighs 75 lb. is heated from 80 to 1500° F. Assuming 
that the mean specific heat of the steel is 0.115, how many B.t.u. are necessary to effect 
this increase in temperature? 

8. Assuming that the specific heat of cast iron is 0.119, how many foot-pounds of 
energy are required to heat a 125-lb. iron casting from 40 to 180° F.? 

9. In a certain boiler furnace, it is known that for each pound of coal burned, 30 
lb. of air are supplied. This air must be heated from 65° F., and passes up the stack 
at a temperature of 565° F. Assuming that the specific heat of air for this temperature 
range is 0.24, calculate the B.t.u. necessary to heat the air for each pound of coal] which 
is burned. 

10. A 6-lb. iron casting has been heated in a furnace to a temperature of 2,300° F. 
It is dropped into a bucket which contains 5 gal. of water at 50° F. What will be the 
teraperature of the water in the bucket? (Assume that the-specific heat of the iron is 
0.119 and that J gal of water weighs 8 3 lb.) 
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11. If 16 lb. of water at 40° F. is mixed with 10 lb. of water at 110° F., what will be 
the temperature of the resulting mixture? 

12. A 12-lb. iron ball is heated to a temperature of 212° F. It is then dropped into 
8 lb. of water at 35° F. The water temperature rises to 60° F. Compute the specific 
heat of the iron. 

13. In Prob. 1, how much vibration work, in foot-pounds, is done? 

14, Ifit takes 10.5 B.t.u. to melt 1 lb. of lead at its melting point of 626° F., how much 
disgregation work, in foot-pounds, is done on each pound of lead during the melting 
process? 

15. Water, when under a pressure of 100 lb. per sq. in. abs., boils at 327.8° F. and, 
at that temperature, 1 lb. occupies a volume of 0.0177 cu. ft. When evaporated into 
steam at the same pressure and temperature, it occupies 4.429 cu. ft. How much 
external work is done in the vaporization process? 

16. If, when water is evaporated under a pressure of 100 lb. per sq. in. abs. (as in 
Prob 15), 806.6 B.t.u. of disgregation heat are required, what is the latent heat of 
vaporization? 

17. How much vibration heat is required to raise the temperature of 1 lb. of water 
from 32° F. to 327.8° F. if the specific heat of the water is 1? 

18. Using the results of preceding problems, compute how much more internal energy 
there is in 1 lb. of steam at 100 lb. per sq. in. abs. than in 1 Ib. of water at 32° F. 

19. Using the results of preceding problems, compute the total heat of 1 lb. of steam 
at 100 Ib. per sq. in. abs. 


DIVISION 5 


TRANSFER OF HEAT 


109. Heat May Be Transferred.—If one end of a copper 
wire is heated, some of the heat will travel through the wire. 
Shortly the other end will be hot. Heated air, from the 
furnace in the basement of a dwelling, flows (Sec. 137) through 
ducts and registers into the rooms above and produces an 
agreeable warmth on wintry days. In cold weather the house 
cat curls up in front of the open fireplace in order to feel the 
heat which emanates from the fire. 

110. Heat Is Transferred In Three Different Ways.—(1) 
By conduction. (2) By convection. (3) By radiation. Heat 
transfer from one body to another may occur simultaneously 
by one, two, or all three of these methods. 

111. Heat Conduction Is Transfer Of Heat Through The 
Molecules Of A Substance.—Heat has been shown (Sec. 52) 
to be a vibratory motion of the molecules. When heat is 
added to any part of a body, as to one end of a copper bar, the 
molecules in that part vibrate more rapidly. This causes 
them to strike violently against the molecules in the cooler 
part immediately adjacent. The rapidity of the vibration 
among the molecules in this part is thereby also increased, and 
the part becomes heated. These molecules, in turn, strike 
violently against the molecules in the cooler part next farther 
away from where the heat is added initially. Thus, by suc- 
cessively transmitting the increased speed of vibration, the 
molecules conduct the heat to remote parts of the body, as to 
the opposite end of the copper bar. 

Nots.—Conpuction Or Heat Occurs More Or Less In Ati 
Sugstancrs.—In no case, however, will conduction cause that part of a 
body (A, Fig. 103) which is farthest from the source of heat, H, to acquire 
as high a temperature as the part, B, which receives the heat directly. In 
fact (Sec. 55) there must be a temperature difference—or thermal pres- 
sure—between one point and another point, to which heat is conducted, to 


effect the conduction. 
7 97 
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112. There Are Two Modes Or Forms Of Conduction.— 
(1) Internal conduction, whereby heat is transmitted from 
molecule to molecule within a body. (2) External conduction, 
whereby heat is transmitted from the molecules of one body 
to the molecules of another body, when the two bodies are in 
contact. 


EXXaMPLEs.—When the entwined ends of the metal rods (B, Fig. 103) 
are heated by the flame, H, the free ends A and A of the rods, due to 
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Fig. 103.—The copper wire, which is a good conductor, transmits the heat more rapidly 
than does the steel wire. 


internal conduction, likewise become heated. As the metal rods (Fig. 
103) become heated, some of the heat is absorbed, due to external con- 
duction, by the bits of wax which bond the lead balls to the rods. This 
causes the wax to melt. thus releasing the lead balls. 

The iron boiler tube (Fig. 104) absorbs heat from the hot gases. The 
heat flows, due to internal conduction, from the outer to the inner 
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Fia. 104.—Heat conducted through the boiler tube from the hot gases to the water. 


surface of the tube. It passes thence, due to external conduction, to 
the water which is in contact with the tube. 

113. The Factors Which Determine The Total Transfer Of 
Heat By Conduction through a substance are these: (1) The 
nature of the substance. (2) Its cross-sectional area. (3) The 
thermal pressure or temperature difference. (4) The length of 
time during which the flow occurs. (5) The length of the heat 
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path through the substance. Each of these factors is discussed 
further in succeeding sections. 

114. The Nature Of A Substance Affects Its Ability To 
Conduct Heat.—That is, the molecules of some substances 
transmit the heat-energy motion, from one to another, more 
effectively than do the molecules of certain other substances. 

IkxampLes.—Metals are good heat conductors. Liquids (Fig. 105) 
are poor conductors. Air (Figs. 106 and 107) and other gases are very 
poor conductors. A perfect vacuum would 
not conduct at all because there would be 
no molecules in it to transmit the heat- 


energy motion. Some solids, such as wood 
and cork are poor conductors. Wooden 
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Fig. 105.—Showing that water is a poor conductor of heat. (Although the water 
film at the surface is boiling, all four thermometers 71, Tz, 73 and 74 read practically the 


same temperature. ) 
Fie. 106.—Sectional elevation of typical ‘‘thermos”’ flask. 


heat insulators (Fig. 108) are sometimes interposed in metallic tea-pot 
handles to prevent the hand-hold from becoming unduly heated. Cork 
linings and dead-air spaces are arranged in cold-storage-room walls (see 
Sec. 619) to minimize the loss of heat through them. 

Notz.—Arr Is An Important Heat Insuvatine Matreriay.—Any 
material or structure, which is composed largely of pockets of non- 
circulating air, provides good heat insulation. Hence, feathers, fur, felt, 
cork, magnesia and cellular asbestos are all good heat insulators. Like- 
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wise a blanket of freshly fallen snow protects both the vegetation and the 
ground upon which it falls from freezing. 

Nore.—TueE Frreiess Cooxer (Fig. 109) provides a good example of 
the utilization of the poor heat-conducting properties of certain materials. 
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Fie. 107.—Some thermos bottles and containers. (See preceding illustration. The 
dead air space is a very poor heat conductor. The vacuum chamber is almost opaque 
to heat flow. The mirrored surfaces minimize heat radiation.) 
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Fie. 108.—Heat ‘‘insulators’’ in metallic tea-pot handle. 

Fia. 109.—A fireless cooker—food in cannister V, is heated on a stove to cooking 
temperature. Disc, S, is likewise heated to a relatively high temperature. Sand V are 
then inserted in cooker. Lid Z is closed and clamped. Insulation minimizes loss of 
heat. Heat retained in cooking shell, C, is absorbed by the food. Thus the food is 
cooked to completion without further attention or heating. 


115. The Amount Of Heat Which Will Be Transmitted 
Through Substances By Conduction Varies Directly As Their 
Cross-sectional Areas, other conditions being the same. 
The area is always taken at right angles to the direction of 
heat flow. 
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ExamMpLe.—A certain copper rod having a cross-sectional area of 
2 sq. in. conducts 13 B.t.u. of heat in a minute. Then, other conditions 
remaining unchanged, a similar copper rod but of 4 sq. in. sectional 
area would conduct: 2 X 13 = 26 B.t.u. in a minute—twice the sectional 
area, hence twice the conduction. 


116. Heat-flow By Conduction Between Two Points In A 
Substance Varies Directly As The Thermal Pressure, Which 
Is The Temperature Difference, Between Them, other condi- 
tions being the same. Just as there must be a difference of 
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Fie. 110.—Difference of pressure causes water to flow through pipe line. (Drop of 
pressure from A to Z is indicated by decreasing heights of fountains. The drop of 
pressure is caused by friction.) 
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Fig. 111.—Difference in temperature causes heat to flow throughiron bar. (Drop of 
temperature from A to £ is indicated by decreasing heights of thermometer mercury 
columns. The drop in temperature is due to thermal resistance. In the above dia- 
gram it is assumed that no heat is lost from AE by radiation. Allis conducted from the 


flame through and past E to a colder body.) 


hydraulic pressure (Fig. 110) to cause water to flow in a pipe 
and a difference of electric pressure (voltage) to force electric- 
ity to flow in a wire, so there must be a difference of thermal 
pressure—or temperature—to cause heat (Fig. 111) to flow in 
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a substance. The flow is always from a point of higher to one 
of lower temperature. 

Exampie.—Assume that, in Fig. 111, the temperature at B is 85° F, 
and that at Cis 80° F. Then, the heat flow from A to B would be pro- 
portional to: 85 — 80 = 5° F. = thermal pressure = temperature differ- 
ence. Suppose that, with this thermal pressure of 5° F., the heat flow 
from B to C is 50 B.t.u. per min. Now, if the temperature at B were 
increased to 90° and that at C remained at 80°, the thermal pressure would 
then be 90 — 80 = 10°. Hence, with the thermal pressure thus doubled, 
the heat flow would also be doubled and would now be: 2 X 50 = 
100 B.t.u. per min. 

117. Heat-flow By Conduction Between Two Points In A 
Substance Varies Directly As The Length Of Time During | 
Which The Flow Occurs, other conditions being the same. 
The greater the elapsed time the greater will be the total 
amount of heat which is transferred. 

ExamPie.—lIf 40,000 B.t.u. flow from the outside to the inside of a 
cold-storage chamber in 1 hr., then, in 2 hr. twice the heat or, 2 X 
40,000 = 80,000 B.t.w. will be transferred, it being assumed that tem- 
perature and all other conditions are the same in both cases. 


118. Heat-flow By Conduction Between Two Points In A 
Substance Varies Inversely As The Length Or Distance 
Between The Points, other conditions being the same. 
The ideal condition, of no loss of heat from the substance by 
either radiation or convection, is here assumed. The greater 
the distance the less will be the flow, other conditions being 
equal. 


Exampue.—lIf in Fig. 111 with a temperature difference of 10° F. 
between A and C, the heat flow between A and C is 600 B.t.w. per min., 
then between A and JZ, which is twice the distance a 10° difference would 
force only 600 + 2 = 300 B.t.w. per min. 


119. ‘‘Thermal Conductance” is a term used to signify the 
ease or readiness with which a substance conducts heat. 
Conductance is, in a sense, the opposite (actually it is the 
reciprocal) of thermal resistance, which is defined in Sec. 129. . 
The greater the conductance of a substance the more readily 
will it transfer heat by conduction. All substances do not 
conduct heat with equal facility. 


Exampies.—The conductance of some substances, as silver (see Table 
125) is very high. That of others, as asbestos, is very low. ‘The former 
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are called good heat conductors. The latter are called poor heat conductors 


or heat insulators. The copper rod of Fig. 103 is a good conductor. The 
steel rod is, by comparison, a poor conductor. Therefore, the heat travels 


Copper Wire Gauzes, 


Fie, 112.—Gas burning below a Fie. 1138.—Gas burning above 
copper-wire-gauze screen. The gauze iron-wire gauze. 
conducts the heat away from the 
flame, thus extinguishing the flame 
before it can pass through the gauze. 
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Fie. 114.—Wire gauze prevents the Fie. 115.—Miners’ safety lamps of 
hot flame from touching the glass. It primitive Davy and Clanny types. 


distributes the heat, hence the glass 
flask does not break. 
more rapidly through the copper than through the steel. This is indi- 
cated by the melting of the gobs of wax on the copper rod before the 
melting of the wax on the steel rod occurs. 

Ex ampiLe.—The copper-wire-gauze screen of Fig. 112 has high thermal 
conductance. ‘Therefore the heat, which is absorbed by the central area 
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which is directly in contact with the flame, passes rapidly outward, 
through the surrounding area, to the edges of the screen. Hence, the 
central area does not retain sufficient heat to ignite the gas which pene- 
trates above the screen. An iron-wire-gauze screen (Fig. 113) has, by 
comparison with the copper screen of Fig. 112, poor conductance. It 
follows that the heat absorbed by its area which is in contact with the 
flame is transmitted but slowly through the surrounding area. Hence, 
the central area retains sufficient heat 


to quickly ignite the gas which penetrates ? we: Iron aed 
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Fie. 116.—Sectional elevation of Davy lamp. Fie. 117.—Recent bonneted pat- 
(Bureau of Mines Circular No. 12.) tern of Clanny-typelamp. (Bureau 


of Mines Circular No. 12.) 


Examp.Les.—Due to its high conductance, the copper screen (Fig. 114) 
distributes the heat of the gas flame over a comparatively large area 
beneath the glass flask. Cracking of the glass, by concentration of the 
heat is, thereby, prevented. Due to the high heat conductance (Fig. 
112) of the metal of which they are made, the wire-gauze screens (Figs. 
115, 116 and 117) which surround the flames in miners’ lamps prevent 
ignition of explosive gases in mines. 

Norr.—TuEerMat ConpuctanceE In Heat Frow Is Somewnat 
Anatogous To Exrecrrican Conpuctance In Exvecrriciry Frow.—In 
fact it is generally true that substances which are good conductors of 
electricity are also good conductors of heat. 

Notrr.—Ir Tue Nature Or A Susstancn Is Sucw THat Tur ViIBRA- 
tory Motion Or Tue Mo.ecutes In Tuat Part Or A Supsrancr 
Waren Is At Top Hicuer TEMPERATURE, Is TRANSMITTED WiTH GREAT 
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Rapipiry to the molecules in the cooler portions, then the conductance 
of the substance is high. But if the transmission proceeds sluggishly, 
then the conductance is low. 

120. A Unit Of Thermal Conductance Is The ‘‘Moht’ 
(pronounced, mote). A body has a conductance of 1 moht 
when a thermal pressure—or a temperature difference—of 
1° F. will force through it by conduction 1 B.t.u. per hr. The 
moht is somewhat analogous to the 
“‘mho,”’ which is the unit of elec- 
trical conductance. In following 
sections it is explained how the 
conductance, in mohts, of a given 
volume of a given material may be 
computed. 

Notre.—‘‘ Monur” Is Mrrety ‘'THom”’ oY 
SPELLED Backwarpbs. The “thom” is reeae is a 
a unit of thermal resistance as is explained Btls per Hour} 
in Sec. 132. Since conductance is the te. 118.—Illustrating the ‘“‘moht.” 
reciprocal—or in a sense the opposite— 
of resistance, the derivation of the terminology is apparent. 

ExampLe.—In Fig. 118 the conductance of the material between 
planes A and B is just 1 moht because it permits just 1 B.t.u. of heat 
energy to flow per hour with the thermal pressure of 1° F. This satisfies 
the definition of the moht. 

Exampie.—Fig. 119 shows some values of conductance of a square- 
foot-inch (1 in. thick and 1 ft. square) of some common substances. Fig. 
120 shows similar values for an inch-cube. These data are taken directly 
from Table 125. 

121. To Compute The Total Heat-energy Flow Through A 
Substance By Conduction When Its Conductance, In Mobhts, 
And The Thermal Pressure Are Known, it is merely necessary 
to substitute in the following formula, the derivation of 
which will be obvious from a consideration of the preceding 
definitions: 

(59) Heat flow = (Conductance) X (Thermal Pressure) 
Or, substituting for the above their equivalents as herein- 
before defined: 

(60) B.t.u. per hour = B(T2 — T1) 

Then, if Q = total quantity of heat which flows, in B.t.u., 
it is apparent that: 

(61) Q = Bi(T. — T1) (B.t.u.) 


1 Deg. Temp. 
Dif ference, 


106 PRACTICAL HEAT [Drv. 5 


Wherein: ¢ = time, in hours, during which the heat flow takes 
place. J. = temperature on hot end, in degrees Fahrenheit. 
T, = temperature on cold end, in degrees Fahrenheit. B = 
the conductance, in mohts. 

Exampie.—A slab of copper 14 in. thick and 1 ft. square has a conduc- 
tance of 4,200 mohts. Then if the temperature on one side of the slab is 
42° F. and that on the other is 47° F., the total heat which flows through tt 
in 2146 hr. = Q = BUT. — T,) = 4,200 X 2.5 X (47 — 42) = 4,200 X 
2.5 X 5 = 52,500 B.t.u. 

Nots.—By transposing For. (61) there result: 


(62) Be (Ps w T,) (mohts) 
and 
(63) (fF, =7)) = x (degrees Fahrenheit) 
also 
(64) t= Boy (hours) 


ExaMpLE.—What is the conductance of the bar of Fig. 111 if, when the 
temperature at A is 800° F. and that at # is 250° F., the total heat which 
flows from A to # in 4 hr. is 1,100 B.t.u.? Sotution.—Substitute in 
For. (62): B = Q/[t (T2 — T1)] = 1,100 + [0.25 (800 — 250)] = 1,100 
+ 0.25 X 550 = 8 mohts. 

Exampie.—What thermal pressure or temperature difference will, in 

144 hr., force 180,000 B.t.u. through a 


Wooo! Ashes +05 Mhot body which has a conductance of 200 
Pete R eM mohts? Soturton.—Substitute in For. 
ON aeeonaed Z, Mrots (63): (T2 — Ti) = Q/t B= 180,000 + 


Copper . a) Mhots 


3 3 ; Wooo Ashes= 0,0003 
RE ; ‘ Pine Wooo! = 0.007 

x ty Firebrick = 0.06 

< te “4 Marble , 


{ | Aluminum = 7.29 
« | Copper = 14.59 


Me == Fhe 


ar NE ‘ 
a's 
~ iL: =A. 


cal vs tin, 


Direction of § ie Neale AN 
Heat Flow-- Direction of Hect Flow-? 

Fie, 119.—Showing conductance Fie. 120.—Showing conductances, in 
of some common materials, in mohts per inch-cube. 


mohts per square-foot-inch. 
(1.5 X 200) = 180,000 + 300 = 600° F. = thermal pressure = temperature 
difference. 

122. Thermal Conductivity Is Specific Thermal Conduc- 
tance.—That is, it is the conductance of a unit block of the 
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material under consideration, which has a specified length and 
cross-sectional area. Frequently, in heat computations, the 
conductance of a slab of the material (Fig. 119) which has asec- 
tional area of 1 sq. ft. and a thickness of 1 in., is taken as the 
conductivity of the material. In such cases the conductivity 
is expressed in mohts per square-foot-inch. The symbol K 
will be used herein to express conductivity. 


Nots.—Somertmes Ir Is Morr Convenrent To Usz Conpuctivi- 
Tres Wuicn Arm Expressep In Mounts Per Incu-cuseE (Fig. 120). In 
any case, it is always necessary to specify the volume unit which is 
implied when a conductivity value is stated. How these conductivity 
values are applied in computations is explained in following examples. 

Exampuss of thermal-conductivity values are given in Table 125 for 
various common metals, heat-insulating materials, liquids and gases. 


123. The Thermal Conductivity Of A Substance Is Not 
Constant But Varies With The Temperature.—Strictly, 
values such as those given in Table 125, relate only to one 
temperature. But they may, without prohibitive error, 
be used through a reasonably wide range. Usually other 
variables will introduce greater errors than this variation in K. 

ExamMPpie.—The same piece of metal may, under the influence of the 
same temperature difference, conduct heat more readily when at a high 
than when at a low temperature. That is, for some substances, it has 
been found that the value of K changes a certain amount for each change 
in temperature. 

124. To Compute The Value Of “K’” At Some Given 
Temperature When Its Value At Some Other Temperature 
Is Known the following formula may be used. Note its 
similarity to For. (96) for computing length of a rod at some 
given temperature when its length at some other temperature 
and its expansion coefficient are known. The same general 
reasoning applies in each case. 

(65) Ky =o (1 + kT) (conductivity) 
Wherein: Kr =value of K at any desired temperature. Ko = 
the known value of K at some other temperature. k = “tem- 
perature coefficient of thermal conductivity”? = the change in 
value of K for each 1° change in temperature; see note below for 
some values of k. 7 = difference between the temperature at 
which K is known and the other temperature at which K is 


desired, in degrees. 
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Notre.—SomrE VauugEs For k with temperatures expressed in degrees 
Fahrenheit are: Aluminum, 0.000,8. Yellow brass, 0.001,36. Red 
brass, 0.000,89. Copper, 0.000,03. Cast iron, 0.000,83. Wrought iron, 
0.000,1. Lead, 0.000,48. 

ExaMPLe.—At 32° F., Kg for wrought iron is known (Table 125) to be 
400 mohts per sq.-ft.-in. What will Ks, for wrought iron, be at a tem- 
perature of 182° F.? Sotutron.—From the preceding note, k for 
wrought iron = 0.000,1. The temperature difference = 182 — 32 = 150° 
F. Now substitute in the formula: Kr = Ko(1 + kT) = 400{1 + 
(0.000,1 X 150)] = 400 (1 + 0.015) = 400 X 1.015 = 406 mohts per 
sq.-ft.-in. 

125. Table Showing Thermal Conductivities Of Various 
Substances which have been determined by experiment. 
There is some disagreement between the different authorities 
as to these values. Further research is necessary to insure 
complete agreement. (Quoted from various authorities: 
M = Marks’ MercuanicaL ENGINEERS’ HanpBook; P = 
Pender’s ExLrectricaL ENGINEERS’ HanpBook, E = Peele’s 
Minina Enainreers’ HANDBOOK; S = SMITHSONIAN TABLES. 
R = Randall’s Practicat Hmat.) 
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Average working con- 
ductivity values (B.t.u. 
Ranges through which quoted! per hour forced through 
values of K are fairly accurate| the volume specified by 
a thermal ei of 
Material VF 
Tempera- | Corresponding Ks Ki 
tures, deg.| Range in actual] in mohts | in mohts 
Fahr. values of Kg per sq.-ft.- | per inch- 
in cube 
METALS 
PRUTAYINTVITELD, tet) ojaite plctsie eats oc 32-500 |E 966-1,100 1,050 7.29 
STARS) V CLLO Wo o1ctesis, oe view siarene 32-500 |E 592— 216 500 3.47 
BRASS TC selec Oe eee ee 32-500 |E 713- 416 600 4.16 
COPDEIer we ene Oh alee easels 32-500 |E 2,080—-2,050 2,100 14.59 
PRON WOasty cc Satta ee ee 32-500 |E 507— 205 450 3.12 
drony wrought. snc anise. - 32-500 |S 418—- 398 400 2.78 
HRCA Ge steye ect iate falese teres elect doc 32-500 |E 242— 234 240 1.66 
PSLOOMMBOLE Ty .tentic calenscersve alin ea eonercaee 8 322 320 222 
LINO Ns sehs'eeerst acs ticked ooh sael| oe Seoeneeaes E 433 440 3.05 
InsvLatTine & MIsce.t- 
LANEOUS 
Air-cell asbestos............ 212-572 |S 0.986-1.45 1 LO) 0.0076 
Asbestos 44 lb./cu. ft........| —300-32 M 1.2 -1.62 us) 0.0104 
Asbestos 29 lb./cu. ft........| —300-32 M 0.654-1.07 1.0 0.0069 
Brickdust, course........... 32-212 |M_ 1.128 Wis 0.0078 
Brickwork sis.s.0)s svetsters arava 68 M 3.42 3.40 0.0236 
Cardboard has tavevict tlt Merdocbts M 1.44 1.40 0.0097 
OIIO NU ra: scivciersiots iviecs ste heret eas 95-194 |P 2.06 -6.29 4.00 0.0278 
Charcoal, powdered. 32-212 |M_ 0.685 6.35 0.044 
Concrete:......5 026 Ae M 5.22 -5,.64 5.50 0.038 
Wotton. ssn t ok eens eee se 32-200 |M 0.384-0.468 0.45 0.0031 
Cork, pulverized....... 32-200 |M 0.252-0.384 0.30 0.0021 
Ciba see RB Nereteveh a el beach tars aea era ts tare» M 0.264 0.26 0.0018 
Mire bricles «eye sfiscnsisreuecBacks 32-2,400 |M 9.0 9.0 0.0625 
Firebrick, powdered......... 70-212 |M_ 0.815 0.82 0.0057 
Glass, crown, window........| 0 «....++ My ag h2 7.00 0.0486 
Linoleum...... mith Me che esta ee 68 M 1.28 1.25 0.0087 
INGA RNESID os) cies ishesere ctoctachouens 70-212 |M 1.31 1.30 0.0090 
WAL DIONee pate cc cre cOtonts cont es stones M 20.6 21.00 0.146 
INEXC Ahas crete savers: reieiats cletw etciel| Eke siete felons M 5,28 5.25 0.0365 
IMS SRA VINES. cases cnisitiell| lets isis VE O26, 0.6 0.0042 
ey) Se SSO CS TOD OOOO SOI M_ 0.9 0.9 0.0063 
Porcelainnncec ee ee ie eanerers M 7.2 7.20 0.0500 
Rubber: Parg:. gsas cote saced Mees eects aes M 1.31 1.30 0.0090 
ist) SAA Ge Oe O Oe Ie o to 68-311 |P 2.48 -2.51 2.50 0.0174 
Sawdust itis ocvcccvote ote ce sect 70-275 |M_ 0.444 0.45 0.0031 
Scale; bolereacc: sce te x Fs Ree 16"0 16.00 0.111 
Blabe Fee Nate diners bate stl eekeyo he Eels hese M 13.7 14.00 0.0972 
WOOdVASNEBs 0. darcunelokesn eae 32-212 |M 48 0.50 0.0035 
Wood, oak, to fiber.......... 68 M 1.44 1.40 0.0097 
Wood, pine, to fiber......... 68 M = 1.04 1.00 0.0069 
Wiools| sheepitcs..aetotes- Sie 68-212 |P 0.365-0.441 0.40 0.0028 
Wy OOL IMI NENA eer cc raiact elite Mereeater tier 9 |e wlrel etecereveyaicreteyele 0.42 0.0029 
Liquips 
Water PEM we Goes oir eretccet! Mine nce me ae P 3.5-6.5 4.50 0.0312 
Brine and iiee, fe. otal aad oie) 39 iS) 3.35 3.30 0.0229 
GaAsEs 
VATATA ODS oye hnjoshie ei oveinue tener? odaudis 32-212 |P 0.133-0.206 0.15 0.0010 
M 0.151 0.15 0.0010 
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126. To Compute The Thermal Conductance Of Any 
Volume Of Any Given Substance, substitute in the following 
formula, the derivation of which is given below: 


(66) B= ae (mohts) 
~und it follows that: 

(67) Ks = a (mohts per sq.-ft.-in.) 

or 

(68) A = a (square feet) 

also 

(69) i= ae (cep) 


Wherein: B = thermal conductance, in mohts, as defined in 
preceding Sec. 120. Ks = thermal conductivity of the sub- 
stance, in mohts per square-foot-inch; see Table 125 for values. 
A = area of the substance, taken at right angles to the direc- 
tion of heat flow, in square feet. LZ = length or thickness of 
the substance, in a direction parallel to the direction of heat 
flow, in inches. 


DerivatTion.—As defined in Sec. 120, the moht is the conductance of 
a body which will permit 1 B.t.u. per hour to flow through it when the 
thermal pressure is 1° F. It has also been explained that the heat flow 
through a substance varies: (1) Directly as the cross-sectional area (Sec. 
115). (2) Inversely as the length (Sec. 118). Now the values in the Kg 
column of Table 125 are the conductances from face to face, in mohts, of 
slabs, of different substances, 1 sq. ft. in cross-sectional area and 1 in. 
thick. These values have been determined by experiment. Hence, it 
follows that if, for any given volume of a certain substance having given 
dimensions, the Kg value for the substance from Table 124 is multiplied 
by the sectional area of the volume in square feet and the result then 
divided by its length (thickness) in inches, the result will be the mohts 
conductance of that volume when it has the given dimensions. These 
operations are those which are specified by For. (66). 

ExamMpie.—What is the thermal conductance in mohts, from face to 
face, of a slab of wrought-iron boiler plate which is % in. thick and 8 
sq. ft. in area? Soutution.—From Table 125, Kg for wrought iron is 400. 
Now substitute in For. (66):B = KgA/L = 400 X 8 + 0.5 = 6,400 mohts. 

Notre.—Ir Conpuctivity VaLurs In Mounts PEer INcu-cusBp ARE UsEp 
from the Ky; column of Table 125, then the equivalent of For. (66) be- 


comes: I 
(70) Bae (mobts) 
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Wherein: K; = thermal conductivity of the substance, in mohts per 
inch-cube. A; = area of the substance taken at right angles to the 
direction of heat flow, in square inches. L = length or thickness of the 
substance in a direction parallel to the direction of heat flow, in inches. 

Norre.—WueEwn Tur Conpucrance Or A Bopy In Mouts Has Bern 
DETERMINED, the amount of heat which will flow through it in a given 
time, under a given thermal pressure or temperature difference, may be 
computed by substituting in For. (61). 


127. A Formula For Computing The Total Flow Of Heat 
Energy By Conduction Through Any Volume Of A Given 
Substance, When Its Area, And Length And The Time And 
Thermal Pressure Are Known is given below. Its derivation 


follows the formula. 


(71) Q= Sen = fut (British thermal units) 


Wherein all of the symbols have the same meanings as those 
specified in Secs. 121 and 126. 


DerrivatTion.—From For. (61), Q = Bé(T2 — 71). But from For. 
(66): B = KgA/L. Now substituting for B in For. (61), its equivalent 
from For. (66), there results: Q = KgA(T: — T,)t/L, which is For. (71). 
Usually, it is preferable to use For. (61) instead of (71), first finding the 
mohts conductance with For. (66). 

Exampie.—What quantity of heat will flow, in 144 hr., through a 
layer of boiler scale 4 in. thick and 10 sq. ft. in area when the temperature 
on the outside of the scale is 875° F. and the temperature on the inside of 
the scale is 375° F.? Soxtution.—From Table 125, Kg for boiler scale is 
16 mohts per sq.-ft.-in. Now substitute in For. (71): Q = KsA(T2 — 
T,)t/L = (16 X 10(875 — 375)1.5] + 0.5 = 160 X 500 X 15+0.5 = 
240,000 B.t.u. 


128. A Formula For Computing The Rate Of Heat-energy 
Flow—That Is, The Power Flow—By Conduction through 
any volume of a given substance is (see derivation below): 


(72) B.tiu. per-hr. = BCT. — T)) (B.t.u. per hr.) 


or if, as in electric-furnace and other electrical-apparatus 
computations, it is desirable to express the rate of heat energy 
flow in watts, then: 


(73) Watts = 0.293 B (T2 — T1) (watts) 


The thermal conductance of the volume of the substance in 
question may be computed as explained in Sec. 126. 
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DeErRIvATION.—From For. (61): Q = Bi(T: — 71). Now, to obtain 
the rate of heat flow per hour, divide For. (61) through by the time in 
hours, that is by ¢, thus: 

OME aes 


(74) B.t.u. per hr. = > = B(T, — T)) 


Also, since a rate of energy expenditure of 1 watt = 3.415 B.t.u. per hr., 
to convert “B.t.u. per hr.” expression of For. (74) into watts, divide 
by 3.415, thus: 

B(T. — 71) 


129. “Thermal Resistance” is, in a sense, the opposite of 
thermal conductance, which is defined in Sec. 119. While 
conductance expresses the readiness with which a material 
conducts heat, resistance expresses the opposition which a 
material offers to heat flow. The greater the conductance, 
the greater the heat flow, but the greater the resistance the 
less the heat flow. 


Note.—NvuMERICALLY, Heat Resistance Is Tur ReciPpRocat OF 
Heat ConpuctTance AnD VicrE VEerRSA.—That is, if a substance has a 
heat conductance of 10 units, its heat resistance is: 1 + 10 = 0.1 units. 
These quantities are analogous respectively to electrical resistance and 
electrical conductance. Thermal resistance to heat flow is also somewhat 
analogous to the frictional resistance offered by the interior surface of a 
pipe to the flow of water through it. 

Noret.—Tur THERMAL Resistance Or A Susstance Is Low if the 
construction and arrangement of the molecules of the substance is such 
that heat which is imparted to one part of the substance is transmitted 
with great rapidity to the molecules in the cooler portions. But if the 
transmission proceeds only sluggishly, then the resistance is high. 


130. Internal Thermal Resistance is the opposition to heat 
transfer which occurs within the substance. It is, numeri- 
cally, the reciprocal of internal thermal conductance. 

131. External—Or Contact—Thermal Resistance is the 
resistance to heat transfer which occurs between two sub- 
stances which are in contact with each other. Definite quan- 
titative data relating to this form of resistance are not 
available. 

Nots.—Resistance To Tur Frow Or Heat From Tur Gases Or 
Compustion In A Borter Furnace To Tum Water In A Botter is, 
largely, due to the contact resistance between the gases and the steel 
boiler-shell or tubes, and between the shell or tubes and the water. It 
is also due to the internal resistance of the plate itself, the resistance of 
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a stagnant gas film on one side of the boiler plate, and the resistance of a 
stagnant water film on the other side. 

132. A Unit Of Thermal Resistance Is The “Thom.”— 
This word is merely a contraction of the term “‘thermal ohm.” 
See, in this connection, Sec. 120 in which the ‘‘moht”’ is defined. 
A body has a resistance of 1 thom when a thermal pressure— 
or temperature difference—of 1° F. will force heat through it, 
by conduction, at the rate of 1 B.t.u. per hour. 

133. To Compute The Total Heat-energy Flow Through A 
Substance When Its Resistance, In Thoms, And The Thermal 
Pressure Are Known, substitute in the following formula, the 
derivation of which follows from the definition of preceding 
Sec. 132. 

_ Thermal pressure 

vy BI Sano Thermal resistance 

or substituting for the above quantities their equivalents as 
hereinbefore defined: 


(T2 — T) 

R 
Wherein: R = the thermal resistance, in thoms. The above 
equation expresses what is sometimes called the Ohm’s law of 
the heat-flow circuit. Now if Q = the total quantity of heat 
which flows, in B.t.u., it is apparent that: 
(78) Q= Sea (B.t.u.) 


Exampie.—A certain slab of copper has a thermal resistance of 
0.000,288 thoms. If the temperature on one side of the slab is 42° F., 
and that on the other is 47° F., what will be the total heat which will 
flow through it in 244 hr.? Soturion.—Substitute in For. (78): Q = 
((T2 — T)t]/R = [(47 — 42)2.5] + 0.000,238 = 5 X 2.5 + 0.000,238 = 
52,500 B.t.u. Compare this example with that under For. (61). 

134. Thermal Resistivity Is Specific Thermal Resistance.— 
That is, it is the resistance of a block of the material, which is 
under consideration, which has a specified length and cross- 
sectional area. Numerically, a thermal-resistivity value will 
be the reciprocal of the corresponding thermal-conductivity 
value. Review Sec. 122 on “Thermal Conductivity.” To 
obtain the thermal resistivities of the materials which are 
listed in Table 125, in thoms per square-foot-inch—or per inch- 

8 


(77) B.t.u. per hour = 
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cube—compute the reciprocals of the corresponding conduc- 
tivity values there quoted. 

Notre.—THERMAL-RESISTIVITY VALUES Arp Not GIvEeN In TaBLeE 125 
because it is usually, when computing, more convenient to use the con- 
ductivity values. In many cases, the resistivity values would be long 
awkward decimals. Equally correct results may be obtained by using 
either resistivity or conductivity values, if the proper formula is utilized 
in each case. 


135. To Compute The Thermal Resistance Of A Volume Of 
A Substance In Thoms, first determine its conductance in 
mohts as specified in For. (66) and then figure the reciprocal 
of the value thus obtained. This last value will be the thermal 
resistance, in thoms. 

ExampLe.—The thermal conductance of a certain slab of copper is 
4,200 mohts. Therefore, its thermal resistance is: 1 + 4,200 = 0.000,238 
thoms. 

136. To Compute The Rate Of Heat-energy Flow, That Is, 
The Power Flow, Through A Substance When Its Thermal 
Resistance, In Thoms, Is Known, the formulas quoted below 
may be employed. ‘These, since resistance is the reciprocal 
of conductance, follow from Fors. (72) and (738). 

(79) B.t.u. per hour = wie 


and 
(80) Watts ae be 


ExampLe.—What will be the heat power loss, in watts, through the 
heat-insulating jacket of a furnace, if the thermal resistance of the jacket 
is 0.003 thoms and inside and outside temperatures are respectively 1,700 
and 180° F.? Sotutron.—Substitute in For. (80): Watts = [0.293(T, — 
T1)|/R = [0.293 X (1,700 — 180)] + 0.008 = 0.293 X 1,520 + 0.003 = 
148,400 watts. 


137. Convection Is Transfer Of Heat By The Flow Of 
Currents Within A Fluid Body.—The current-flow is due to 
variations of density, caused by inequalities of expansion and 
contraction, through the fluid body. 

EXPLANATION.— When any portion of a fluid, as air, becomes heated 
(Fig. 121), it expands, (Sec. 159). The density of that portion of the 
fluid diminishes. A given volume of it becomes lighter than it was before. 


That is, the volume of a given weight of the fluid becomes greater. 
According as the density of any portion ofa fluid, as water (Figs. 122, 123, 
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124, and 125), diminishes, due to conduction of heat to that portion of the 
fluid, it rises and is displaced by the cooler, more dense and heavier sur- 
rounding portions of the fluid. These portions, in turn, likewise become 
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Fig. 121.—Showing the increase in volume of a certain mass (weight) of air in passing 
over hot steam coils. 
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Fie. 122.—Water circulation when heat Fie. 123.—Water circulation 
is applied to center of a vessel. in vessel heated on one side. 


heated and displaced. Continuous circulating currents are thus set up in 
the fluid. Heat is thereby transferred, by convection, from the parts of 
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the containing vessels which are in direct contact with the sources of heat 
to the parts which are remote therefrom. 
Hot water is admitted (Fig. 126) to a cold cast-iron radiator, R. The 


Boiler Direction of 
a premaieg AEs, 


\ Direction a 
Circulating 
Currents 


i<--- Bunsen 


Burner: 
Blow- Of f-----" £ 
Fria, 124.—Showing water circulation in or- Fig. “125 = okowine ersitation ina 
dinary cylindrical drum boiler. U-tube when one leg is heated. 


: 

ore 

i 

3 

BEE is 

\ 4 

; i d 

‘oF 

| ll j 

4 

<-----Hot Water in % 
This Pipe 2 

| 
, 

f | aelataartaeeton, a & 
A 

% 

Re te 1/0) 8 ‘ 

yey Water ef 

ml iN MMT Heorfer = 

| oy 

vik | 3 
Cool Worter Oe 

v | | in This Pipe-----> < 
| a 


Fia. 126.—Hot-water heating system. 


heat in the water is transferred, by conduction, to the iron walls of the 
radiator. Then the heat in the iron is transferred, by conduction, to 
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the particles of external air which are directly in contact with the radiator. 
This air expands. Its density diminishes. It becomes lighter, per unit 
of volume, than it was a moment previous. It is displaced from con- 
tact with the radiator by the heavier air below it. Similarly other 
portions of air become heated, expanded, diminished in density and dis- 
placed frcm contact with the radiator. A continuous convection-cur- 
rent, which carries the heat to the parts of the enclosed space which are 
remote from the radiator is thus set up. This current constantly 
imparts its heat, by conduction, to 
the remote bodies with which it 
makes contact, and constantly re- 
turns to the radiator for a fresh 
supply. Some heat is also trans- 
mitted from a radiator by radiation 
(Sec. 138). 
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Fie. 127.—Heating with a warm-air Fia 128.—Showing convection cur- 
furnace. rents of airat junction of ocean and land 
(Direction of flow may be reversed when 

the land is the cooler.) 


Fie. 129.—Showing circulation in in- Fie. 130.—Showing water circulation 
clined tube. in simple water-tube boiler. 
Note.—TRANSFER OF Heat By Convection Is Utinizep In Many 
Ways.—The effectiveness of hot-water (Fig. 126), steam, and hot-air 
(Fig. 127) heating systems (Div. 17), of ventilating systems, and of 
chimneys and stacks (Sec. 256) depends upon this principle. To it, also, 
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are due the winds (Fig. 128) which traverse land and sea. Convection is 
of fundamental importance in the operation of steam boilers. ‘The tubes 
of horizontal water-tube boilers are set (Figs. 129 and 130) at an inclina- 
tion to the horizontal. The object is to facilitate transfer of heat by 
convection. Rapid circulation of the water-currents, and, therefore, of 
heat-transfer by convection is (Figs. 
131 and 132) one of the foremost 
considerations in boiler design. The 


Fie. 131.—Water and gas circula- Fie, 132.—Showing water and gas circula- 
tion in one type of vertical water-tube tion in Stirling-type boiler. 
boiler. 
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Fie. 133.—Ventilation due to convection. (This shows a scientific arrangement 

Note movement of air near floor where employes work. The wind, if there is any, 

assists in promoting circulation.) 

principle of convection is, often, utilized (Fig. 133) in the natural 

ventilation of buildings. 
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Norn.—Tup Marsematics Or Heat Transrer By Convection Is 
RatTHer CompiicaTnp.—It involves consideration of many factors, as 
temperatures, specific heats, densities, viscosities, and probably others. 
Hence, no formule pertaining to this subject will be given herein. How 
a chimney produces draft by convection is explained in Sec. 256 and in 
the author's Srram Boruers. 

138. Radiation Is Transfer Of Heat From One Body To 
Another By Wave Motion In The Ather (Sec. 46). When 
being thus transferred by wave motion in the ether, the 
energy is called radiant heat energy or merely radiant heat. 
Radiant heat is, therefore, wave motion and not molecular 
motion as is heat in its most common form. The earth 
receives the sun’s heat by radiation. The ether which fills 
interstellar space, and, in fact, all space unoccupied by matter, 
is the medium of transmission. 

EXPLANATION.—If the bare hand be suddenly thrust before the open 
door of a boiler-furnace, within which an intensely hot fire is burning, an 
unbearable sensation of heat will be felt instantly. Evidently, this can 
be due neither (Sec. 137) to convection nor (Sec. 111) to conduction. 
It cannot be accounted for on the principle of convection, because the 
convection-current flow will be inward, instead of outward, through the 
furnace-door. The exposed hand will be constantly bathed by an air- 
current flowing into the furnace from the comparatively cool atmosphere 
of the room. For the same reason, the intense sensation of heat cannot 
be accounted for on the principle of conduction. Even if the air in 
contact with the hand were to become temporarily stagnant, a consider- 
able interval of time would still be required for it to conduct the heat 
thereto, because air is (Sec. 114) a poor conductor of heat. 

The true explanation is, that the vibratory heat motion, of the mole- 
cules of the combustibles in the furnace, sets up a wave motion in the 
ether which (Sec. 46) fills the interstices between the air molecules. 
These heat waves travel, at enormous speed (Sec. 178), along straight 
lines which radiate in all directions from the source of heat. They tend 
to reproduce (Sec. 142), in all matter which lies in their path, the vibra- 
tory heat motion of the heated substance wherein they originate. Those 
which travel in the direction of the exposed hand before the furnace door, 
traverse the intervening distance in an interval of time which is so brief 
as to be virtually instantaneous. In fact, radiant heat waves travel at 
the same speed as do light waves, viz.: 186,000 miles per sec., as explained 
in Sec. 178. 

139. Heat May Be Radiated Through Vacua.—The heat 
energy of the sun passes through a presumably perfect vacuum, 
millions of miles in extent, before it reaches the earth’s 


atmosphere. 
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Nots.—Hrat Can NeiraerR Br Conpuctep Nor ConvEcTED 
TuroucH A Vacuum.—In a space wherein matter is nonexistent, both 
the molecular motion by which heat is conducted, and the current-flow 
by which it may be convected, must likewise be nonexistent. 

Exampir.—A glass vessel enclosing a practically perfect vacuum might 
be interposed between the bare hand and the fire in the furnace. But the 
sensation of heat would still be felt. 


140. Heat Waves May Be Visible Or Invisible-—Those 
which are visible are (Sec. 176) classed as light waves. The 
quality of visibility depends upon the degree of heat (tem- 
perature) which is possessed by the bodies from which the 
waves emanate. 


ExamMpLe.—A mass of iron when heated to about 480° F. will, in a dark 
room, give off visible heat waves. When the temperature of the iron 
drops below 480° F., the heat waves will become invisible. 


141. Heat May Be Radiated Through Transparent Or 
Translucent Bodies To Other Bodies Beyond.—Some sub- 
stances tend (Sec. 143) to absorb heat waves more readily 
than do certain other substances. 


RGN 


— Concentreiteot fr tos 
Roys OF Sunlight.“ 
Ignite Poper--~ 


Fig. 134.—Lens of ice shaped like a burning glass concentrates radiant heat waves of 
sun and ignites paper. 


Exampie.—tThe visible heat waves, which (Fig. 134) are manifested 
in the sun’s rays, tend to stimulate heat motion in the lens-shaped cake 
ofice. Presently the ice lens will be melted to water. But while the lens 
continues intact, the heat waves passing through it will, by being focuse:! 
or concentrated on the faggots, ignite them. 

142. Radiant Energy Is That Form Of Energy Which 
Resides In Aithereal Heat Waves.—lIt is the essence of the 
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phenomenon which (Sec. 138) is conveniently defined as 
transfer of heat by radiation, or as radiant heat. 

EXPLANATION.—The earth receives the sun’s heat by radiation. But 
the sun’s heat exists as a vibration of the molecules of the sun’s substance. 
This vibratory molecular motion, or heat, cannot be imparted by conduc- 
tion to the ether which lies between the sun and the earth and thence to 
the molecules of the earth’s substance—the xther has no molecular 
structure to receive it. Therefore, it is an obvious misnomer to consider ° 
the phenomenon of radiation as a direct transfer of actual heat by contact. 

The energy of the sun’s molecular vibration, or heat, is, however, 
imparted to the ether. This transfer of energy is manifested by waves 
which are thereby made to traverse the ether. These waves radiate from 
the sun along straight lines (Sec. 138). They are waves of radiant 
energy. When a mass of matter, as the earth, intercepts their path, they 
impress their radiant energy or a portion of it on that mass of matter and 
thereby reproduce therein the molecular motion, or heat, to which they 
owe their origin. 


143. Waves Of Radiant Energy Are Converted Into Heat 
In The Material Bodies Which Intercept Them.—Radiant 
energy tends, more or less, to penetrate (Sec. 141) substances 
which are transparent, translucent or opaque to light, as 
respectively a window-pane, a draftsman’s celluloid triangle, 
or a china cup. The ability of any of: these substances to 
convert radiant energy into heat is inversely proportional to 
its capacity for transmitting light. An ideally transparent 
substance would convert none of the radiant heat energy 
which impinged on it to molecular-vibration heat energy; all 
would pass through. An absolutely opaque non-reflecting 
substance would convert all radiant energy which impinged 
on it to molecular-vibration heat energy. Radiant energy 
cannot penetrate substances into which light cannot enter. 
The radiant energy, or a portion of it, is transformed into 
heat among the surface molecules of such substances. Then 
the heat is carried, by conduction, throughout the body of the 
substance. ‘The more impenetrable the substance, the greater 
its capacity for conversion of radiant energy into heat. 


Note.—Dvtu Buack Surraces Or Bopirs Arr THE Brest CoNnvERT- 
ERs Or Rapiant Enercy.—They are also the best radiators thereof. 
It is presumed that if a surface, in which the qualities of blackness and 
dullness would be perfectly blended, could be prepared, the surface would 
absorb, and convert into heat, all of the radiant energy which it might 
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intercept. A surface coated with lampblack is probably the nearest 
approach to the ideally perfect absorbing surface. 


144. Radiant Energy Which Is Intercepted By A Material 
Body May Be Reflected Therefrom (Figs. 135, 136 and 137). 
Some of the heat waves which 
impinge upon the surface of 
. the body will (Sec. 138) be- 
come transformed into mole- 
cular motion or heat. But 
others may rebound. The 
angle of incidence, I, (Fig. 135) 
is always equal to the angle of 
reflection, R. 
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Fia. 135.—Heat waves Fie. 136.—Reflected radiant energy 

are reflected in the same from the sun makes it hot for the 
manner as are light waves. painter. 


Enrercy Very Reapitry.—Thereby they tend to prevent the absorption 
of radiant heat by any body which they surround. Conversely, polished 
surfaces are poor radiators of heat thereby they tend to prevent loss of 
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Fie, 137.—Radiant-energy heat rays are reflected and focused by a concave mirror in 
the same manner as are light rays. 


radiant heat from bodies which they surround. A bright silvery surface 
(Figs. 135 and 137) will reflect most of the radiant energy which it may 
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intercept. A white painted surface (Fig. 136) would, by reflection, 
produce a much more uncomfortable heating effect than would a black 
surface. 


145. Surfaces Which Are Good Radiators Of Radiant Heat 
Are Also Good Absorbers Thereof. Surfaces Which Are Poor 
Radiators Are Good Reflectors.—These facts may (Figs. 138 
and 139) be readily demonstrated by experiment. 
Advantage of them is taken in many practical applications. 
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In general, the rough dark surfaces are good radiators and 
absorbers; smooth polished light surfaces are good reflectors 
and poor absorbers. 


Exampie.—In Fig. 138, the metal sphere, A, on the lampblacked 
plate will melt off before that, R, on the polished plate melts off. The 
lampblacked plate quickly absorbs radiant heat from the hot metal ball, 
B. The polished plate reflects the heat away. In Fig. 139, the bulb, 
L, absorbs more heat than does P, because the lampblacked side of the 
hot-water-can radiates heat much more rapidly than does the polished 
side. 

ExamMpLe.—The metal casings of ‘“thermos”’ bottles (Figs. 106 and 
107) are often nickeled and polished on the outside to minimize the loss 
or gain of heat by them by radiation. ‘The glass container inside such a 
bottle is similarly coated like a mirror for the same reason. Likewise 
calorimeter vessels (Fig. 95) are, usually, of polished nickel. Electric 
heaters (Fig. 82) have highly polished reflectors. Steam-heating-system 
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radiators (Sec. 590) are, purposely, left rough outside to promote radia- 
tion of heat from them. 


146. Radiant Energy Is Susceptible To Refraction.—This is 

observed when visible heat waves, in the 
7 ae . yy form of rays of sunlight, are (Figs. 134 and 

His un's aus 140) caused to pass through a convex lens. 
Hiiiicciiitit! 4 yefractive, or bending, effect is also 
observed (Figs. 141 and 142) when visible 
heat waves, or light rays, pass through the 
bounding surfaces of transparent substances, 
as clear water or glass. 

Notr.—Rapiant Heat Waves May THERE- 
FORE Br CoNncENTRATED WiTH A LEns (Figs. 134 
and 140) in about the same way that light waves 
can be concentrated. 


Fie. 140.—Sun’s rays 447, The Radiant Heat Which Is Given 
are refracted by the lens 
and concentrated on the Off By A Body may be computed by the 
head of a mateh, igniting Stefan-Boltzmann formula, which is as 


“ follows: 


(81) Ore bat()’ (Patiish thoorealaanits) 


Wherein: Q = the quantity of heat, in British thermal units, 
which is radiated. k = a constant for the material, ern 
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mon surface of two transparent 
mediums of different density. 


from Table 149. A = the area of the radiating surface, in 
square feet. ¢ = the time interval, in hours, during 
which the radiation occurs. T = the absolute temperature 
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of the body, in degrees Fahrenheit = reading of the observed 
temperature + 460. 

For a radiator possessing absolute blackness, For. (81) 
becomes: 


(82) Q= 0.161,84¢(,5)" (British thermal units) 


148. The Net Heat-transfer, By Radiation, Between A Hot 
Surface And A Parallel Cool Surface (both surfaces must be 
very large, of the same size, and one of them a perfectly 
black body, Fig. 143) may be computed by the following 
adaptation of the Stefan-Boltzmann formula: 


(83) Qe = b[ a)‘ - T, 


(4 ‘| (B.t.u. per hr. per sq. ft.) 
Wherein: Qe = quantity of heat transferred, in British 
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Fig. 143.—Showing how heat actually radiates, and how, for the purposes of computa- 
tion, it is assumed to radiate. (In JJ it is assumed that all heat is radiated at right 
angles to the surfaces. This is assumed to be true only when the surfaces are very 


large.) 

thermal units, per hour per square foot of area (A or B, 
Fig. 148) of either surface. k = a constant for the material, 
taken from Table 149. TT, and T2 = respectively, the abso- 
lute temperatures in degrees Fahrenheit, of the hot and cold 
surfaces = reading of the observed temperature of each 
surface + 460. This formula illustrates the principal of 
mutual radiation. However, in practice very few cases arise 
in which the radiation is between two large parallel surfaces 
of equal area, one of which is a perfectly black body. Hence, 
the formula can seldom be used for accurate solutions. But 
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it can be used in most cases, such as in boiler furnaces, for 
calculating approximately the heat which radiates from a 
square foot of an incandescent body. 

149. Table Showing Values Of The Radiation Constant k 
For Various Materials (From Marks’ MncuHanicaL ENGINEERS’ 
HANDBOOK). 


Temp., Temp., 
Material k deg. Material k deg. 
| Fahr Fahr. 
Ideally black body........|0.1618} 70 VAC pa ME eee OE Sein 0.084) 120-545 
Glass, SmMOOUNS .oxireenioser OMUSEIN scree Cast iron, rough, highly | 
OXLGIZEC Wa vee rae Re 0.1571105—480 
Brass, ula scse soko tere as 0.0362|100—660)| Lime plaster, rough white .|0.151!150—195 
Dampblack si: ¢ciscuve see 0.154 | 32-100)| Slate, smooth............ 0.115)140—400 
Copper, slightly polished..../0.0278|100—540)| Field soil................ 0.063)}140—400 
Wrought iron, dull, oxidized|0.154 | 70-670}| Water.................- 0.112)140 
Wrought iron, (ordinary 
black body) sasas secre ONOOG62NIS5=225 | MGeren sacs crate erctenr secre 0.106} 32 
Wrought iron, highly pol- 
Ash ed i veered ye excetelets eucle 0.0467|105—480)| Incandescent bodies......|0.155 


150. Radiant Heat Within A Boiler Furnace will now be 
considered. A boiler receives little heat by radiation from 
the gases of combustion. It may receive some heat by radia- 
tion from the long tongues of luminous flame which result 
from burning highly volatile bituminous coals. But most 
of the heat delivered to a boiler by radiation comes from the 
glowing and incandescent fuel on the grate, and from the highly 
heated fire-brick lining of the furnace. For a given grate 
area neither the contour of the portion of the boiler surface 
which receives the radiant heat, nor (within reasonable limits) 
the distance of the surface from the fuel bed, have any appar- 
ent influence on the amount of heat thus transferred to the 
boiler shell by radiation. 

Exampte.—The temperature of the incandescent fuel bed, and of 
the fire-brick lining, in a boiler furnace, is 2,300° F. The temperature 
of the boiler shell is 600° F. If the furnace temperature be raised to 
2,500° F., what will be the increase in the quantity of heat transferred 
to the boiler shell by radiation? Sonurion.—k for wrought-iron bodies 
(Table 149) = 0.154. By For. (83), the heat radiated under the prevailing 
furnace temperature Qe = k [(T1/100)4 — (T2/100)4] = 0.154 x {[(2,300 + 
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460) + 100] — [(600 + 460) + 100]*} = 87,400 B.t.u. per hr. per 
sq. ft. of the area of the hot surface which radiates the heat. Also, by 
For. (83) the heat which would be radiated under the increased furnace 
temperature = Qr = k [(T1/100)4 — (T2/100)4] = 0.154 x { [(2,500 4. 
460) + 100)]4 — [(600 + 460) + 100]4} = 116,300 B.t.u. per hr. 
per sq. ft. of the area of the hot surface which radiates the heat. 
Hence, the increase in the quantity of heat radiated = 116,300 — 
87,400 = 28,900 B.t.u. per hr. per sq. ft. of the area of the hot fuel bed. 


151. The Problem Of Heat Radiation In Boiler Furnaces Is 
Very Complicated.—This is particularly true of the radiation 
which occurs in the furnaces of externally fired boilers. It is 
beyond the province of this book to go into the abstruse 
mathematics of the subject. Enough has been shown, 
however, in the preceding example to emphasize the advan- 
tage, in boiler operation, of maintaining high furnace tem- 
peratures. As indicated in the solution of the preceding 
example, the quantity of heat which a boiler receives by radia- 
tion increases very rapidly as the furnace temperature rises. 


ExaMPpLEes.—By increasing the furnace temperature from 2,000° F. 
to 3,000° F., the quantity of heat which is delivered to a boiler by radia- 
tion under the lower temperature, may be increased approximately four 
times. By permitting the temperature to fall from 2,500° F. to 2,400° 
F., the quantity of radiant heat may be diminished about 12 per cent. 
The fusing temperature of the ash generally limits the maximum attain- 
able temperature of the fire in a boiler furnace. 


152. Heat Transfer May Be Effected By Simultaneous 
Occurrence Of Conduction, Convection And Radiation.— 
When the three modes of heat-transfer thus act conjointly to 
deliver heat to a substance, the resulting phenomena are very 
complicated and difficult of exact analysis. 


ExpLANATION.—In boiler operation, the furnace heat (Fig. 144) is 
transferred by convection and radiation to the surface of a stationary 
gaseous film which blankets the heating surface of the boiler. Or, 
perhaps, a coating of soot may interpose between the film of gas and the 
heating surface. The heat is then carried by conduction to the water in 
the boiler. It traverses the external film of gas, the coating of soot, 
the boiler plate, perhaps a layer of scale on the inner surface of the 
plate, and, finally, a film of stagnant water and steam before it passes 
into the mass of moving water in the boiler. During the progress of the 
heat flow from the outer surface of the external gaseous film to the moving 
water in the boiler, the mode of transfer alternates successively between 
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external and internal (Sec. 112) conduction. When the heat is finally 
conducted into the moving water, the convection currents circulating 
therein distribute it throughout the mass. 

Now, heat is not transferred as readily by external conduction as 
by internal conduction. Also, the rate of transfer by external conduction 
seems to vary, more or less, according to the various natures of the sub- 
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Fia. 144.—Diagrammatic representation of heat transfer in a boiler and furnace. 


stances in contact. This introduces a factor that must be variously 
reckoned with where (Fig. 144) a series of dissimilar substances are 
successively in contact. 

The rate of heat transfer by convection, both in the furnace and 
in the boiler, will be considerably modified by the velocity of flow of 
the furnace gases and of the water. As the velocity flow of either of 
these mediums increases, the thickness of the film of stagnant gas 
which blankets the heating surface externally, or of the film of stagnant 
water which adheres to the plate internally, will be materially diminished. 
These films are relatively poor conductors of heat. 

It is evident, therefore, that the quantity of heat which may be 
transmitted, through the external film, from. the convection currents in 
the furnace, and, through the internal film, to the convection currents 
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in the boiler, will be greatly modified according to the thickness of the 
films. 


The transfer of heat by radiation will, likewise (Sec. 143) be governed 
by variable conditions. 


QUESTIONS ON DIVISION 5 


1. What are the three modes of heat transfer? 
2. State an instance wherein the three modes of heat transfer occur simultaneously. 
8. What change in the motion of the molecules of a substance occurs when the sub- 
stance is heated? 
4, What is heat conduction? Give an example. 
5. Why does the protruding end of a bar of iron remain cool while the other end is 
being heated in a forge fire? 
6. What is internal conduction? External conduction? Give some examples of each. 
7. What factors determine the flow of heat through a substance? 
8. Explain the fundamental cause of the warmth which a blanket of snow secures 
to vegetable life. 
9. In what ways do the elements of time and distance affect the rate of heat transfer 
between two points in any substance? 
10. What is thermal conductance? 
11. Why do not all materials conduct heat at the same rate? 
12. What is the name of the unit of thermal conductance? Of thermal resistance? 
What is the value of each of these units? 
13. What is thermal conductivity? 
14. In what manner do temperature changes affect the thermal conductivities of 
substances? 
15. What is internal thermal resistance? External thermal resistance? 
16. What is thermal resistivity? 
17. What should be the intrinsic properties, with respect to heat-effects, of the 
materials used in making an ice-box or a fireless cooker? 
18. By what quantitative units are resistivity and conductivity expressed mathe- 
matically? Explain the meaning of each unit. 
19. Explain the mutual relation existing between the British thermal unit and the 
units of conductivity and resistivity. 
20. What is convection? 
21. Explain the phenomena of convection in hot-water and hot-air heating systems 
and in ordinary stove heating. 
22. Why are the tubes in horizontal water-tube boilers set sloping? 
23. What is radiation? 
24. Wherein does radiation chiefly differ from conduction and convection? 
25. In what manner does the earth’s atmosphere become heated by radiant energy 
from the sun? 
26. What is radiant energy? 
27. What is the velocity of radiant energy? 
28. What characteristic must a substance possess in order that radiant energy may 
pass through it? 
29. In what manner is a body heated by radiant energy? 
30. Describe how radiant energy may be reflected. 
31. Give some examples of refracted radiant energy. 
82. What characteristic should a substance possess to render it a perfect absorber of 
radiant energy? 
33. What kind of surface is best for radiating heat? 
34, What material affords the closest approximation to the ideally perfect absorber of 
radiant energy? 
35. What are the sources of radiant heat in the furnace of an externally fired boiler? 
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36. What circumstance generally limits the maximum temperature that may be real- 
ized in a boiler furnace? 

37. In what manner does the velocity of the flow of gases in a boiler furnace chiefly 
affect the transfer of heat from the gases to the boiler? 


PROBLEMS ON DIVISION 5 


1. A body having a cross-sectional area of 5 sq. in. conducts 41 B.t.u. of heat per 
min. What would be the rate of heat conduction of a body of the same substance having 
a cross-section of 6.5 sq. in.? : 

2. If one end of an iron rod is heated to 500° F. in a forge fire, while the temperature 
of the opposite end is 100° F., what is the thermal pressure between the two ends? 

8. The temperature of one end of a stone column is 300° F. The temperature of the 
opposite end is 70° F. The quantity of heat flowing, in 5 hr., between the two ends is 
700 B.t.u. What is the conductance of the column? 

4, A body has a conductance of 11 mohts. What thermal pressure will force 8,720 
B.t.u. through the body in an hour and ten minutes? 

5. The side sheets of the fire-box of a steel boiler are 0.5 in. thick. The area of each 
sheet is 30 sq. ft. What is the thermal conductance from the fire surface to the water 
surface of each sheet? 

6. A steam pipe is covered with a 4-in. thickness of mineral wool. The length of the 
covering is 20 ft. Its mean diameter is 6 in. The temperature of the pipe is 300° F. 
The temperature of the surrounding air is 90° F. What quantity of heat flows, in 10 
hr., through the covering? 

7. A clean steel boiler tube has a thermal resistance of 0.000,267,2 thoms. If the 
average temperature on the fire side of the tube is 1,500° F., and on the water side 310° F., 
how much heat will flow through it in 5 hr.? 

8. A brick wall is 9 in. thick. What is the thermal resistance through each square 
foot of its area? 

9. The side wall of a brick boiler-setting is 6 ft. high, 15 ft. long and 15 in. thick. 
The average temperature on the furnace-face of the wall is 2,000° F., and on the outer 
face, 190° F. What is the heat-power loss through the wall? 

10. The white-hot fuel in the fire-box of a locomotive-type boiler is at a temperature 
of 2,400° F. The crown-sheet temperature is 700° F. If the fire temperature is raised 
to 2,600° F., how much more heat per hour will the crown-sheet receive by radiation 
from the fire? 


DIVISION 6 
EFFECTS OF HEAT 


153. The Three Possible Effects Of Adding Heat To A Sub- 
stance Or Abstracting Heat From It were stated in Sec. 54, as 
(1) Change of temperature. (2) Change of state. (3) Exter- 
nal work. In this division, it will be shown what changes in 
bodies may accompany these three fundamental effects of heat 
transfer. Some of these changes will then be treated more in 
detail in following divisions. In all cases, the aim shall be to 
discuss principally such changes as affect practical applica- 
tions of heat, such as power plants, heating of buildings, 
refrigeration, and industrial systems generally. 


Nore.—Tur AppirTion Or AsstTracTion Or Hear Cuancres THE 
“ProperTigs” Or A Susstance AND THEREBY PERFORMS ‘PROC- 
EssEs.”’—A property of a substance is any characteristic of the substance 
which may be used to describe the substance or to describe what the 
substance is capable of doing—some properties are shape, size, density, 
temperature, state, taste, color, odor, solubility, strength, electric 
resistance, thermal resistance, chemical composition. A process is 
simply a change in one or more of the properties of a substance. In 
this division will be discussed some of the processes which accompany 
the addition of heat to or the abstraction of heat from substances. 
Also, since “‘change of temperature” is a process which frequently 
accompanies the addition or abstraction of heat, the influence of tem- 
perature on the other properties of substances will be discussed. The 
processes and properties which will be treated include: (1) Expansion and 
contraction, Secs. 159 and 160, also treated in detail by Div. 7. (2) 
Melting, Sec. 161, also treated in detail by Div. 9. (3) Vaporization, Sec. 
162, also treated in detail by Div. 10. (4) Sublimation, Sec. 163. (5) 
Chemical combination, decomposition, and dissociation, Secs. 155 to 158. 
(6) Viscosity, Sec. 165. (7) Absorption, Sec. 168. (8) Solution and 
solubility, Secs. 168 to 174. (9) Electric resistance, Sec. 182. (10) 
Strength, Sec. 184. (11) Capacity for emitting radiant energy, Sec. 176. 


154. A ‘Physical Process” is any change which a substance 
is made to undergo without alternation of the arrangement of the 


atoms which compose its molecules. Very frequently physical 
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processes are the effects of heat addition or abstraction. Some 
examples of physical processes are: (1) Change in temperature. 
(2) Change in volume. (3) Change in state, as from solid to 
liquid or from liquid to gaseous. (4) Absorption (Sec. 168). 
(5) Solution (Sec. 170). 

Notre.—PuysicaL Processes May Br ‘‘REevErRSIBLE” OR “IrRRE- 
VERSIBLE”’ depending on whether, after a process is completed, the 
substance can be returned readily to its original condition. Most 
physical processes are reversible. Thus, water may readily be cooled 
after being heated or it may readily be condensed after being vaporized 
into steam. Some physical processes are, however, irreversible. Thus, 
if a 12-ft. board is cut into two 6-ft. lengths, it cannot again be made into 
a 12-ft. board. 

155. A “Chemical Process’? or Reaction is a change which 
a substance is made to undergo whereby its chemical compo- 
sition (the arrangement of the atoms in its molecules) is altered. 
Chemical processes are, in general of four kinds: (1) Combina- 
tion, wherein 2 or more substances combine to give 1 substance. 
(2) Decomposition, wherein 1 substance is changed into 2 or more 
substances. (3) Displacement, 1 element and 1 compound 
combine to give 1 other element and 1 other compound. 
(4) Double decomposition, wherein 2 compounds give 2 
different compounds. Nearly all chemical processes are 
attended by the liberation or continual absorption of heat. 


Examp.tes.—lf a strip of magnesium is lighted with a match, it takes 
fire and “‘burns”’ with a white flame. This (and every other) burning 
is actually a chemical combination of the material burned and oxygen 
from the air.- If some mercuric oxide (red oxide of mercury) is heated in 
a test tube, globules of mercury will deposit on the cooler walls of the 
tube and oxygen (gas) will pass out of the tube—a lighted match placed 
in the mouth of the tube will glow in the oxygen. The mercuric oxide is 
“decomposed” into mercury and oxygen. If some bits of zinc are placed 
in a tube with some dilute hydrochloric (muriatic) acid, a gas will be 
evolved at the surface of the zinc. This gas will be found to burn with a 
pale blue flame—it is hydrogen. Here ‘‘displacement’’ occurs—the zine 
(element) and the acid (compound) react to form hydrogen (element) and 
zinc chloride (compound). In the purification of water, a solution of 
lime (calcium hydroxide) and a solution of ferrous sulphate (copperas) 
are frequently introduced into the water which is to be purified. These 
two compounds, by ‘‘double decomposition,” form ferrous hydroxide and 
calcium sulphate—the hydroxide forms into small flakes which slowly 
settle and carry with it the impurities which may be in the water. More 
examples of chemical reactions are given in succeeding sections. 


Src. 156] EFFECTS OF HEAT 133 


Nots.—Tue Distinction Between A ‘CuHemicaL” Anp A “Puys- 
ICAL” Process is this: Chemical processes have to do only with changes 
in the arrangement of the atoms within the molecules, whereas physical 
processes have to do only with changes exterior to the construction of 
the molecules. This distinction is important. 


156. Dissociation Is A Reversible Decomposition.—Not 
all decompositions are reversible. If a piece of wood is heated 
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Fie. 145.—Decomposing water into hydrogen and oxygen—oxygen unites with hot 
iron forming iron oxide. Heat must be supplied, however, to maintain the 
decomposition. Hence, the heat is ‘‘absorbed”’ in the process. 


in a closed vessel (so that no air can reach the wood), the piece 
will be decomposed, by the absorption of heat, into charcoal 
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Fie. 146.—The oxyhydrogen blow-pipe is chang- 
ing hydrogen and oxygen gases to steam (water 
vaporized). An immense amount of heat is given 
off—liberated. 


and some gases. The charcoal and 
the gases cannot, however, by man 
be made to re-combine to form wood. 
Hence, the decomposition of wood 
is irreversible. On the other hand, however, water can be 
decomposed (by an electric current or by heating to a very 
high temperature) into two gases, hydrogen and oxygen (Fig. 
145). These gases will again combine, if mixed and ignited, 
to form water (Fig. 146). During the combination, as much 


134 PRACTICAL HEAT [Drv. 6 


heat is liberated as was absorbed when the water was decom- 
posed. Hence, the decomposition of wateris a reverstble 
chemical process. 

157. The Addition Of Heat Energy Is Necessary To Effect 
Certain Chemical Processes. However, Heat Energy Is 
Liberated By Most Chemical Processes.—As was explained 
in Sec. 28, energy of some sort is either required to effect or is 
liberated by every chemical process or reaction. It is the 
purpose here to give consideration to those chemical processes 
whereby only one kind of energy, heat energy, is either absorbed 
or liberated. Those chemical changes in which heat energy is 
liberated are called exothermal processes. Those in which heat 
energy is continuously absorbed are called endothermal proc- 
esses. The amount of energy which is absorbed or liberated 
by the different chemical processes is usually determined 
initially by experiment; values are given in chemistry books 
and in handbooks such as the ‘“‘Smithsonian Institute Tables.” 
The amount of heat energy liberated or absorbed by a chemical 
reaction may in many cases, be determined with a calorimeter; 
see Sec. 456. The absorption or liberation of heat are not 
necessarily evidences of chemical processes. All physical 
processes are similarly accompanied by heat transfers. 
Examples are heating due to rubbing or percussion and the 
heat released or absorbed during changes of state (Sec. 54) of 
matter. 


ExpLANATION.—One pound of every substance (at a given tempera- 
ture and under a given pressure) contains: (1) A certain definite amount 
of chemical energy. (2) A certain definite amount of matter. See Sec. 28. 
The amount of matter in the substance can be determined quite accu- 
rately by weighing. But there is no way in which the total amount of 
chemical energy in it can be determined. This chemical energy was 
imparted to the atoms of the substance both when they were first evolved 
and possibly, also at later times, whenever the atoms were parties to 
chemical reactions. ‘Thus chemical energy, of an unknown amount, 
normally resides ‘“‘bound in”’ or latent in every substance. 

However, if a chemical process occurs whereby the molecules of given 
weights of two or more substances are disrupted into their constituent 
atoms which atoms then recombine to form the molecules of a new 
substance or substances, @ definite amount of energy is either absorbed or 
released during the process. The amount of heat energy (in, say, British 
thermal units) which will be absorbed or released by any chemical reac- 
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tion between given weights of two or more substances must, apparently, 
be determined by experiment; there seems to be no way, except in certain 
special cases, to compute it. In most cases, the energy is thus absorbed 
or liberated as heat energy. If heat energy is absorbed, it is auto- 
matically transformed into chemical energy which then resides latent 
within the new substance or substances. If heat energy is liberated, it is 
energy which was transformed from part of the chemical energy which 
formerly resided—latent—within the original substances. Examples of 
the amounts of heat energy thus absorbed or liberated by certain chem- 
ical reactions are given below. 

Hence, it is evident that if heat energy is liberated by a chemical 
reaction, this energy is part of the store, of unknown amount, of chem- 
ical energy which formerly resided within the molecules of the sub- 
stances. Possibly a part of the liberated heat is derived from each of the 
original substances which were parties in the reaction. If heat energy is 
absorbed by a chemical reaction, the energy thus added goes to increase 
the store of chemical energy in the molecules of the resulting substance 
or substances. Somehow or other, chemical energy is necessary to 
“hold” the atoms in the molecules, different amounts of it being neces- 
sary for different kinds of atoms and molecules. So when the molecular 
structure—the substance—is changed, the chemical energy must be 
either released or absorbed. 

When a compound is decomposed into its constituent elements, the 
amount of heat absorbed or liberated is exactly the same as that which 
was evolved or absorbed in the original formation of the compound. 
When both combination and decomposition are involved in a complex 
chemical change, the heat liberated or absorbed is the net result of the 
two reactions. 

ExaMPLe.—When water is decomposed, see equations below (Fig. 
145), by any process whatsoever, into oxygen and hydrogen, heat energy 
is absorbed. When oxygen and hydrogen combine (Fig. 146), as in 
combustion, much heat energy is liberated. 


158. Thermochemical Equations are equations which show. 
not only the chemical reaction of a process but which also 
show the amount of heat absorbed on liberated by the process; 
examples follow. The subject can be considered only very 
briefly here; for further information see some good modern 
textbook on chemistry. In the following equations, which are 
merely the records of many experiments, each symbol stands 
for a chemical element thus: C = carbon. O = oxygen. 
Cl = chlorine. Nowa chemical equation is: 


which means that 1 atom of carbon, a solid, will combine with 


136 PRACTICAL HEAT [Drv. 6 


2 atoms of oxygen, a gas, to form one molecule of carbon 
dioxide gas. A corresponding thermochemical equation is: 


(85) 1 lb. C + 224 lb. O = 334 lb. CO2 + 14,650 B.t.u. 


which means that 1 lb. of carbon will combine with 224 lb. of 
oxygen gas and form 324 lb. of carbon dioxide gas and further- 
more that during this process 14,650 B.t.u. of heat energy 
will be liberated. If 2 lb. of nen combined with 514 lb. 
of oxygen the result would be 714 lb. of carbon dioxide gas 
and the liberation of 29,300 B.t.u., and so on. The chemistry 
books show that an atom of Sen weighs 114 times as much 
as an atom of carbon. This means that (since two atoms of 
oxygen will combine with one atom of SFR Oey) the weight of 
oxygen necessary in For. (85) will be: 2114 =224 times the 
weight of carbon required. Note that the weight of the re- 
sulting substance ‘'324 lb. of CO2”’ is the sum of the weights 
of the two original substances. The energy, obviously, has 
no weight. Fors. (84) and (85) are very important to the 
steam engineer since they show the underlying reaction for the 
chemical process of the combustion or burning of fuels. 
Combustion is further discussed in Div. 14, which see. 


Examp tes of other chemical and thermochemical formulas are: 
(86) 2H20 = 2H. + O: 


which means that 2 molecules of water (H.O), each composed of 2 atoms 
of hydrogen and 1 atom of oxygen can be decomposed into 4 atoms of 
hydrogen, a gas, and 2 atoms of oxygen, a gas. A corresponding thermo- 
chemical equation is: 


(87) 9 lb. HO = 11b. H +8 lb. O — 62,100 B.t.u. 


which means that 9 lb. of water when chemically decomposed will 
furnish 1 lb. of hydrogen gas, 8 lb. of oxygen gas and, in addition, that 
62,100 B.t.u. of energy must be supplied to effect the decomposition. 
The minus sign (—) preceding the ‘‘62,100” means that this amount of 
heat energy must be added. A plus sign (+) in the same position 
means that energy will be liberated during the reaction. That is: 


(88) 2H. + O2 = 2H,0 
or stating the corresponding thermochemical equation: 
(89) 1lb. H+81b.0 =9 Ib. H.0 + 62,100 B.t.u. 


which means that if 1 lb. of hydrogen and 8 lb. of oxygen are combined 
to form 9 Ib. of water, 62,100 B.t.u. will be liberated by the reaction. 
Note that For, (89) is the reverse of For. (87). 


\ 


\ 
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Notr.—Tue Rate At Wuicu A Given Cuemicat Procnuss Is AL- 
~uOWED To Procerp Has No Inrivence On Tun Toran Amount Or 
Heat AssorBep Or Liseratep Tueresy.—Thus, a piece of iron may be 
permitted to “burn” slowly by rusting away in many months by com- 
bining with the oxygen of the air. Or instead it may be permitted to 
burn away very rapidly—in a fraction of a minute—in pure oxygen gas. 
But in each case the total amount of heat liberated by the combination 
of the iron with the oxygen will be the same. ‘ 


159. “Expansion” Is An Effect Of Increased Molecular 
Motion in a body of matter. (See Div. 7 for extended dis- 
cussion.) When the temperature of a body is increased, it 
expands or increases in size, for the following reason: The 
molecules of a substance (Sec. 46) are not in actual contact. 
They are in motion, constantly vibrating—hitting one another 
and rebounding. When their vibratory motion is increased— 
when the temperature increases—they bounce further away 
from one another. Thus, there is a tendency to increase the 
average distance between the molecules. The cumulative 
effect is an expansion of the whole mass of the substance which 
they form. But addition of heat is the real cause of the pheno- 

mena, since molecular vibration 
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Fic. 147.—Work done by expansion. Fic. 148.—Addition of heat expands metals. 


Exampie.—A bar of copper (B, Figs. 147 and 148) is longer when hot 
than when cold. 


160. “Contraction” Is An Effect Of Decreased Molecular 
Motion In A Body Of Matter.—It is the reverse (Sec. 159) of 
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expansion. Contraction is manifested by a decrease in the 
size of the body. When the temperature of a body decreases 
it contracts. The decrease of temperature of a substance 
consists, essentially, in a diminishment of the vibration of the 
molecules of the substance. As the vibratory motion of the 
molecules diminishes. the average distance between them (Sec. 


Fie. 149.—The ball will pass through Fia. 150.—Raising a weight by heating 
the ring when the ballis cold but will not and cooling a rod. 
pass through when it is hot. 


52) likewise diminishes. The cumulative effect is a contrac- 
tion of the entire body of matter which the molecules form. 


EXAaMPLEs.—See Fig. 149. Also, a steel collar may be bored to a 
slightly smaller internal diameter than the outside diameter of a steel 
shaft. Thus it will be impossible to 
slip the collar over the shaft when Air in Flosk-----255 
both are at normal temperature. But 
the collar may be heated. The ac- 
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Fie. 151.—Work done by expansion of gas. Fia. 152.—Addition of heat causes 
the air to expand and thus increases 
its volume. 


companying expansion will then enlarge its bore until it can be readily 
slipped over the shaft. If it is then permitted to cool to the temperature 
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of the shaft, the collar will gradually contract and will finally grip the 
shaft so tightly as to be immovable. 

Note.—ExTernaL Work May Br Perrormep, THroucH Tue Expan- 
sion AND Contraction Or Marteriauts, By Direct AppLicATIONS OF 
Heat.—A copper bar (Fig. 147) is heated by the flame of a blow-torch. 
The bar is thereby expanded and lifts a block, of W lb. weight, a distance 
of Lin. The external work performed by the applied heat, in lifting the 
block, may, therefore, be expressed as WL in.-lb. = 1,000 X 0.02 = 20 
in.-lb. By alternately heating and cooling the rod R (Fig. 150) the 
ratchet-wheel could be rotated. External work in raising the weight W, 
might thus be performed by the heat energy transferred from the flame 
to the bar. 

Applying heat to a confined gas (Fig. 151) increases the volume of the 
gas. The gas expands and raises the piston. Thus the heat energy 
which is transferred from the applied flame is, through the expansion of the 
gas transmitted into external mechanical work. In Fig. 152, the addi- 
tion of heat to the air in A expands the air, as is shown by the bubbles 
coming out of the water in B, thus external work is done in forcing out 
the air globules against the force of atmospheric pressure. 


161. “Melting” Or “Fusion” Is The Transition Of A 
Substance From The Solid To The Liquid State. (Fig. 153.) 
There is, for practically every solid, a 


certain temperature at which that solid Fone 
will melt. This temperature is called the ben ‘Teac 


melting-point or the fusing-point of the 
substance. See Table 285. Furthermore, 
heat (positive disgregation heat, Sec. 103) 
is always required to effect the change from 
solid to liquid form. Thus, melting is an | 
effect of heat addition. This subject is ue ne pes 
discussed fully in Div. 9. Fie. 153.—Melting lead. 


Nots.—‘SouipiricaTion” Is Toe Orposirn OF “Me tinea.” It is 
the transition of a substance from the liquid to the solid state. Heat 
(negative disgregation heat) must be given up by it when a body solidifies. 
Hence solidification is an effect of heat abstraction. 


162. ‘‘Vaporization’”’ Is The Transition Of A Substance 
From The Liquid State To The Vapor Form Of The Gaseous 
State (Figs. 154 and 155). In general, there is a certain tem- 
perature (depending on the pressure on the liquid) for each 
substance at which that substance vaporizes. This tempera- 
ture is commonly called the point of vaporization or boiling 
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point of the particular substance. Furthermore, heat (posi- 
tive disgregation heat, Sec. 104) must always be added to it 
to change a substance from the liquid to the gaseous state. 
Hence, vaporization is an effect 
of heat. This subject is fully 
discussed in Diy. 10. 


Norr.—‘‘LiquEractTion” Or ‘‘Con- 
DENSATION” Is THE Opposite OF 
VAPORIZATION.—It is the transition 
of a substance from the vapor form 
of the gaseous state to the liquid state. 
(In general parlance ‘‘condensation”’ 
means the reduction of a vapor or 
gas to the liquid or solid state or of a 
liquid to a solid or semi-solid state. 
But in technical usage the term is 
usually now employed to imply only 
“the reduction of a vapor to the 
liquid state.’’) Heat—negative dis- 
gregation heat—must be given up by 
it when a vapor liquefies. Hence, 
liquefaction is an effect of heat 
abstraction. 

Notr—Mettina Anp VaporizATION ARE CALLED CONSTANT-TEM- 
PERATURE PROCESSES because the heat required to effect them is expended 
in disgregation work (Sec. 98) and not in vibration work (Sec. 97) which 
would raise the temperature. 


Fie. 154.—Vaporization is the transition 
from a liquid to a gaseous condition. 
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Fia, 155.—Laboratory methods of vaporization and sublimation. 


When a block of ice melts to water, the temperature of the resulting 
water will (Sec. 96) be that of the original block of ice. A great quantity 
of heat—positive disgregation heat— has, nevertheless, been absorbed 
in this process of fusion. Conversely, when a liquid substance solidifies, 
negative disgregation heat is given up by it. 
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Water may be converted to steam (Fig. 156) without a change of 
temperature (Sec. 96). Or steam may be condensed to water (Fig. 157) 
(Sec. 329) without a change of temperature. In the first instance, 
however, the process can be consummated only by addition of a relatively- 
great quantity of “positive” disgregation heat 
and in the second instance only by a correspond- 
ing subtraction of “negative” disgregation 
heat. 
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Fie. 156.—Change from Ficg. 157.—The condenser. The heat added to 
liquid to gas with tempera- water in the boilers to convert it to steam is given 
ture constant but with ad- up in the condenser to the cooling water. Thereby, 


dition of heat. Thisprocess the steam is reconverted into water. 
may be reversed. 


163. Sublimation Is The Direct Transition Of A Substance 
Which Is In The Solid State To Its Vapor Form Of The 
Gaseous State, without its, apparently, passing through the 
liquid state. All solid substances sublime (theoretically at 
least) at any temperature. The process is somewhat similar 
to, but not the same as, vaporization; see explanation below. 
In general, sublimation is a very much slower process than is 
vaporization. Obviously, sublimation can occur only at 
temperatures below the freezing point—or melting point. 
Thus the molecules of a solid substance 
are found in the vaporous condition above He iodine 
the surface of a solid as well as above fale ut hy i ite 
that of a liquid. Sublimation is of minor SS 
practical importance in power-plant work sy NF yn’ ; 
but is widely used in the chemical indus- {ii ee 
try as a method of purification. 

Exampies.—Snow Anp Ice Witt SusiiME Reid ie mae ae 
even though the temperature of the surrounding _ out becoming liquid. 
air is considerably below the freezing point—so 


low that the snow or ice can not melt. Damp clothing, which have been 
hung on a line out-of-doors and then frozen, will become dry in a freezing 
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temperature. If a piece of solid iodine (Fig. 158) is placed on a watch 
crystal, and heat is applied, the iodine will sublime directly into a vapor. 
It will not, apparently, undergo a preliminary liquefaction. The odor 
of camphor will, due to the sublimation of the camphor, be quickly 
recognized, some distance away, if a quantity of camphor gum be exposed 
in a current of air. In general, odors of all sorts, from solid bodies, are 
evidences of sublimation. 

EXPLANATION Or SusBLIMATION.—A molecule which is very near the 
surface of a solid body may bounce entirely out of it (Fig. 287) without 
colliding with others. Since such an escaping molecule is already moving 
at an extremely high velocity, it continues in its now unobstructed path. 
Soon, it flies so far away from the body that the remaining molecules (in 
the solid substance) exert no attractive force on the insurgent. The 
molecule, now being free of the restraints which were imposed on it in the 
solid, becomes a gas or vapor molecule. 


164. The ‘‘Heat Of Sublimation,” sometimes also called 
the latent heat of sublimation, is the amount of heat—usually 
expressed in British thermal units—required to sublime, or to 
convert into a vapor, a unit weight—usually 1 lb.—of the solid. 
The heat of sublimation can be conveniently calculated as the 
difference between the heat content of the solid and that of the 
vapor. At the triple point for the substance (which is that 
temperature and pressure at which a substance can exist in 
either the solid, the liquid, or the gaseous state) it is true that: 


(90) Heat of sublimation = (Latent heat of fusion) + (Latent 

heat of vaporization) 
The above For. (90) will also hold quite closely for any tem- 
perature of the solid near the triple-point temperature. More 
accurately, for any given temperature of the solid, the heat of 
sublimation is (very closely) the same as the net amount 
of heat that is necessary to: (1) Warm the solid to its melting 
point. (2) Meltthesolid. (3) Vaporizetheresulting liquid. (4) 
Decrease the temperature of the resulting vapor from that of the 
vaporization to the given temperature at a constant quality of 100 
per cent. This heat to decrease the temperature is a sub- 
straction—not an addition. 

Examrie.—At 32° F., the latent heat of vaporization for water is 
1,073.4 B.t.u. per lb., as is shown by steam Table 394. The latent heat of 
fusion of ice, from Table 291 is 143.33. What is the heat of sublimation 
of ice at this temperature? So_uTion.—Substituting in For. (90): Heat 


of sublimation = (Latent heat of fusion) + (Latent heat of vaporization) = 
143.3 + 1,073.4 = 1,216.7 B.t.u. per lb. 


‘ 
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165. Viscosity Is The Internal Friction Of Liquid, Semi- 
liquid, Or Plastic Substances.—It occurs as the molecules 
flow by one another. Every substance possesses this internal 
friction in some degree. Practically all solid substances, 
acquire, when heated, a tendency to flow. That is, their 
viscosities decrease as their temperatures increase; they 
become liquid, semi-liquid, or more or less plastic. The 
viscosities increase as the temperatures diminish. Thus a 
change of viscosity is an effect of heat. 

Notrse.—Tuer Frowina Tenpency—Tue Dirrerence In Viscosiry— 
Or Svusstances Is, Osviousyty, Tum Cuier DirrereNcr, BETWEEN 
Sotips Anp Fuiums. Is is commonly assumed that: A fluid is any 
substance that exhibits a definite flow to ordinary observation. By this 
definition, both the molten iron gushing freely from the tap-hole of a 
foundry cupola, and the stream of thick slag rolling ponderously and 
sluggishly from the slag-hole, are fluids. Likewise, this definition of a 
fluid includes all gaseous substances. However, the definition eliminates 
from consideration all apparently plastic substances, as masses of 
beeswax, moist putty, building mortar, and the like. 

Exampites.—A wax candle (Fig. 159), whether held horizontally or 
vertically, will ultimately bend under its own weight in a warm room; it is 
highly viscous. A mass of relatively cold pitch, 
apparently hard, is likewise susceptible to 
changes of shape, due to its own weight. 
Bodies of other viscous substances such as 
molasses, honey, tar, oil and similar substances, 
undergo changes of shape somewhat in the 
manner of true liquids, as water, though less 
rapidly. A mass of solid lead, at normal tem- 
perature, will flow when subjected to pressure. 

166. The Viscosity Of A Substance dierompt---- Canale 
Varies With Its Temperature.—The Weill 
higher the temperature the less the 
viscosity. The wax of a candle (Fig. 

5 . : Fie. 159.—A wax candle 
159).is,\ “normally, 7 quite viscous: “Tt: i. . ‘soft Gi a warm 
may, however, be readily heated to a room. 
temperature that will vastly diminish its 
viscosity. Under avery high temperature the wax will become 
extremely thin and fluid. The viscosity of lubricating oils 
likewise varies, though to a far less extent, as the temperature 
varies. The quantitative effect of temperature on viscosity 
varies with the different materials. 
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Notz.—Mosiity Is, In A Sunsz, TuHE Opposite Or Viscosiry.— 
A very thin liquid, that pours readily and splashes freely, is said to possess 
mobility. 

167. The Specific Viscosity Of A Liquid is the ratio of the 
time consumed by a certain volume of the liquid (Fig. 160), 
at 60° F., in flowing through an orifice, to the time consumed 
by an equal volume of distilled water in flowing, under the 
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Fia. 160.—Showing difference in viscosity Fia. 161—Showing difference in viscosity 
of oil and water. of hot and cold material. 


same conditions. through an orifice of the same dimensions. 
The quantity of the liquid is usually taken as 50 c.c. (cubic 
centimeters). 

Norrt.—Tuer TEmMPrerature In Viscosity Txsts is often taken at 
other than 60° F. It may be 120° F. For many purposes, 212° F. 
may be a convenient test temperature. Whena lubricating oil isintended 
for an engine cylinder using superheated steam, or for an internal- 
combustion engine, the test temperature is correspondingly high. It is 
important that viscosity tests of lubricating oils (Fig. 161) be made at 
the temperatures under which the oils are to be used. 


168. Many Solid Substances Possess The Property Of 
Absorbing Or Liberating Gaseous Substances.—Temperature 
—the degree of heat—is often a determining factor in these 
phenomena. A solids’ capacity for absorbing a gas is generally 
less when the solid is hot than when it is cold. Heat is often 
liberated by the absorption of a gas by a solid. 


Examp.ies.—A fine platinum wire, held in a mixture of hydrogen and 
oxygen gases will absorb the oxygen verv rapidly. The wire will, 
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spontaneously become heated to incandescense and will finally ignite the 
surrounding gas; see explanation below. Endeavors have been made to 
utilize this principle (Figs. 162 and 163) in the making of gas-lighters. 

A quantity of wood charcoal (Fig. 164) will absorb a quantity of gas 
which, normally, may occupy many times the volume of the charcoal. 
Boxwood charcoal will absorb a volume of ammonia equal to 90 times its 
own volume. Likewise, it will absorb 35 times its own volume of carbon 
dioxide. 


Block of Supportin 
Platinum UEP OIne 4 
es -Black 


~--Platinum Wire! 


--~-Holder 
Fie, 162.—A gas lighter. Platinum Fie, 163.—A platinum-wire 
black glows due to gas absorption. Plati- gas igniter. 


num wire is thereby heated, becomes in- 
candescent and lights gas. 


EXPLANATION.—It is claimed that all solid substances will, at their 
surfaces, exert an attraction on the molecules of gases with which they 
are in contact and that this attraction is of such a nature that a more or 
less thick layer of the gas is condensed on the surface of the solid. Thus, 
solids such as charcoal, which because of its porous structure exhibits a 
large external surface, will ‘“‘absorb”’ more gas than structurally dense 
solids. The attractions of the molecules of different solids and different 
gases arenot the same. Freshly made dogwood charcoal (used in making 
the best gunpowder), when pulverized immediately after its preparation, 
often takes fire spontaneously on account of the heat liberation which 
accompanies the condensation on its surfaces of oxygen from the air. 
Likewise, when platinum in a finely 
divided state known as platinum 
black (Fig. 162) is placed in a 
mixture of oxygen and hydrogen, 
the oxygen rapidly condenses on 
its surface and gives up its latent 
heat of vaporization (Sec. 322). 
This raises the temperature of the 
surrounding particles of gas to the 
point where they combine slowly. Fie. 164.—Illustrating absorption of a gas 
This slow burning, however, gives by a solid. 
off much heat to the surrounding 
particles. Hence, the temperature of the gaseous mixture quickly 
reaches a value which explodes the mixture. 

10 


I-No Charcoal © ~ I-With Charcoal” 
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Norn.—TueE GaAs-ABSORPTIVE Property Or CHarcoaL RENpDERS IT 
VALUABLE For CounTERACTING Tur Noxious Errects Or Gass 
ResuLTING From AnimMAL AND VEGETABLE DEcay.—lIt is commonly used 
for clarifying the air in the holds of sea-going vessels, and in tunnels. 
Charcoal made from nut shells is extensively used in gas masks for absorb- 
ing poisonous gases. 
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Fie. 165.—Showing variation of solubility of carbon dioxide in water with variation of 
temperatures. (Plotted from Smithsonian Tables.) 


169. Liquid Substances Possess The Property Of Absorb- 
ing Or Liberating Gaseous Substances.—A liquid will gener- 


ally absorb (Fig. 165) more gas when it is cool than when it is 
hot. 
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Fig. 166.—Showing effect of heat on the Fie. 167.—Air absorption of water 
amount of ammonia gas held in a water at various temperatures. 
solution. (Plotted from values in Marx’s 
“Mechanical Engineers’ Handbook.’’) 


ExaMPpLEs.—Ammonia gas is readily absorbed (Fig. 166) by cool water. 
The resultant mixture is known, commercially, as aqua ammonia 
(ammonia water). Boiling will expel the gas from a mass of aqua ammo- 
nia. These principles are utilized (ec. 637) in the operation of absorption 
refrigerating systems. Water (Fig. 167) is always impregnated, more or 
less, with air. Slow heating of a quantity of cool water (Fig. 168) causes 
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small bubbles to appear. 


147 


These are due to release of air from the liquid. 


Fish breath air from the water in which they live. 
Note.—PRE5-EXPULSION Or Oxycen AnD OruErR Gases From Tue 
Borter Frerp WateR In Power Puants Is Orren NEcESSARY.—Such 


gases might otherwise become distilled from the 
water after it enters the boilers. Thus they 
would be rendered free to form corrosive acids 
within the boilers. By preheating the feed- 
water (Fig. 169) much deleterious gas may he 
driven off. 


170. Many Solids Are Soluble In 
Liquids.—If a small permanganate-of- 
potash crystal is dropped into a vessel 
of water, the adjacent water will, im- 
mediately, become colored. By degrees, 
all of the water will become colored. 
The crystal has dissolved in the water. 
Similarly, if sugar crystals be placed ina 
tumbler of water, they will dissolve 
therein. The water will become sweet. 
Heat is usually liberated or absorbed 


while a solid goes into solution in a liquid. 


an effect of heat. 


Fie. 168.—If a glass of 
cold water is placed in the 
sun’s rays on a hot day 
and allowed to stand until 


warm, small air bubbles 
will cling to surface of 
glass. Air was in solution. 


Hence, solution ts 


Examries.—Water is a solvent for a greater number of different solids 
than any other known liquid. Alcohol is a solvent for some solids for 
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Fie. 169.—Showing effect of heat on amount of oxygen held in a water solution. 


which water is not. 
but not at all in water. 
soluble only in turpentine. 


Thus, resin and shellac dissolve readily in alcohol 
Most greases are soluble in benzine. 
Sulphur is soluble in carbon bisulphide. 


Beeswax is 
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171. The Quantity Of A Solid Which A Given Liquid Will 
Dissolve Is Determined By The Nature Of The Substances 


And Their Temperatures 


(Fig. 170). Water will dissolve 
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Fig. 170.—Showing the effect of heat on the solubility of various saltsin water. (From 
Smithsonian Physical Table.) 
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Fie. 171.—A hot liquid 
usually dissolves more of a 
solid than will a cold one. 


Temperature, Degrees Fahrenheit 
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Fie. 172.—Graphs showing variation with 
temperature of the solubility of various sub- 
stances in water. (ALex Smiru, ‘College 
Chemistry.’’) 


about three times as much table salt as will aleohol. When a 
liquid, at a certain temperature, has dissolved all of a certain 
solid which it will absorb, it will, generally, dissolve more 
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(although sometimes less) of the solid if the temperature of the 
liquid is increased (Fig. 171). The effect of variations in 
temperature on the solubility of various solids in water is 
shown graphically in Fig. 172. It will be noted that common 
salt (sodium chloride) has an almost constant solubility. The 
rate of dissolving of salt is, of course, much greater at a higher 
temperature. Also, the rate of dissolution (rapidity of dis- 
solving) may usually be increased considerably by raising the 
temperature. 

Norr.—A Satruratep Souution exists when a liquid has dissolved all 
of a substance which it will absorb from the solid form at that tempera- 
ture. The solution is then said to be saturated. 

172. Dissolving Solids In Liquids Often Causes A Tem- 
perature Change.—When there is a temperature change there 
is usually a volume change also. That is, the solution will 
occupy a different volume from the sum of the volumes of the 
solid and original liquid. Sometimes heat is absorbed; 
sometimes it is given off. The volume of the solution may be 
greater or less than the sum of the volumes of the solid and 
original liquid. Some substances dissolve or unite with water 
with the liberation of much heat. When this occurs, a well- 
defined chemical reaction has usually occurred. 

173. The Vapor Issuing From A Hot Solution Is, Generally, 
Free From Solid Matter.—The solids are left in solution in 
the containing vessel. Hence, if all of the liquid content of a 
solution is boiled away, the total solid portion may thereby 
be recovered. This phenomena is of considerable importance 
in power-plant operation. The solids which are carried in 
solution in the boiler feed water are deposited on the interior 
of the boiler shell as the water is evaporated and passes away 
as steam. Similar solid-matter deposits occur in condensers. 
A somewhat similar phenomena is distillation, (Sec. 345). 

Norse.—Somr Sorips Are Hetp Morr Reapity In Co.bd-waTER 
Sotutions THAN Hot-wATER SoLuTions.—This is an additional cause of 
solid-matter deposits in steam-generating vessels. Thus, natural waters 
frequently contain calcium bicarbonate which, when heated to about 
212° I’., decomposes giving calcium carbonate, a relatively insoluble sub- 
stance. The calcium carbonate collects on the interior surfaces of the 
vessel forming a spongy solid mass. Another salt, calcium sulphate, 
comes less soluble when heated to about 300° F. than when cold. If, 


150 PRACTICAL HEAT [Drv. 6 


due to evaporation, a solution becomes concentrated with calcium sul- 
phate, this salt will settle as a hard, porcelain-like coating inside the 
boiler—it is very difficult to remove and offers great resistance to the 
passage of heat through it. 


174. “Scale” Is The Hard Substance Which Forms On 
The Interior Surfaces Of Boilers And Power-plant Auxiliaries 
Which Carry Hot Water.—Scale is formed (Sec. 345) by 
precipitation and hardening of the solids 
(salts) carried in the cold, or relatively cold, 
feed water. Scale is usually formed from 
“hard” water. Hard water may be de- 
fined as water which contains in solution 

mineral compounds that curdle or precipi- 
Reins aemmecsrs tate soap when soap is added to the water. 
boiler showing depositof | _Important among the many scale-forming 
eae around it—due to solids found in boiler-feed and condensing 

waters are calciwm sulphate, calciwm car- 
bonate, magnesium sulphate, and magnesium carbonate. 


Steel Tube 


Note.—WHEN Successive Increments Or Tue ABove SPECIFIED 
Soiips ARE PRECIPITATED in a containing vessel, as a steam boiler, they 
become cemented (Fig. 173), by absorption of heat from the heating 
surfaces, into a solid and more or less hard coating of scale. Such scale 
clings tenaciously to the metal surfaces. Since scale is a very poor 
conductor of heat, it affects economy very adversely. This subject is 
further treated in the author’s Steam Boers. 


175. Heat Energy May Be Transformed Directly Into 
Electrical Energy.—When two dissimilar metals, as anti- 
mony and bismuth, are placed in contact, an electromotive 
force develops at their junction. If the two metals be con- 
nected to form a closed circuit (all parts of the circuit being 
at the same temperature), electromotive forces will also be 
produced at the other junctions of dissimilar metals and the 
sum of all electromotive forces in the circuit will be zero— 
hence no current will flow in the circuit. But if one junction 
of the dissimilar metals is heated, as in Fig. 174, a decidedly 
larger electromotive force will be developed at that junction. 
A current will then flow in the circuit. 


Norr.—Excrrt In Toe Construction Or Pyrometers (Fic. 175) 
THERE ARE Frw Practica, APPLICATIONS OF Tue EvEcTRICAL Errrect 
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Or Hreat.—The current flowing (Fig. 175) is an indication of the differ- 
ence in temperature between the hot joint, H, and the cold joint,C. Ifa 
sufficient number of thermo-couple cells (Fig. 174) be connected in series, 
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Fig. 174.—The thermopile. Fie. 175.—Principle of the 


thermo-couple electric pyrom- 
eter for measuring high tem- 
peratures. 


the resulting battery will furnish enough energy to heat, to incandescence, 
the filament of a small electric lamp. 


176. Light May Be Regarded As An Effect Of Heat.—It is 
the visible criterion of radiant energy (Sec. 31). Hence, 
since radiant energy is emitted only by hot bodies, heat may 
be considered as a fundamental source of light. Light waves 
can be shown to also carry radiant heat. This may be shown 
by causing the light to impinge upon surfaces which possess 
certain qualities. A black surface is the best absorber of light. 
A black surface is always found to absorb heat as it absorbs 
light. 

177. ‘‘Radiant Energy’? Is A Vibratory Motion In The 
Ather.—When an object is heated, the molecules which 
compose it are made to vibrate more rapidly. These particles, 
being in contact with the ether, set it in motion. Thus, the 
vibrations are transmitted away from the object as radiant 
energy. Heat which is transmitted by radiation is radiant 
heat. See Sec. 138 for a further discussion of this subject. 


ExampLres.—The heat which reaches the earth from the sun is radiant 
heat. A hot stove will radiate heat. The radiant heat from the sun 
will warm the interior of a greenhouse, even when the outside air is cold. 
This proves that the sun’s radiant heat is transmitted through the ether 
rather than through the air. Radiant energy (light or heat) will cause a 
radiometer (Fig. 176) to rotate. 


152 PRACTICAL HEAT [Drv. & 


178. Radiant Energy May Be Said To Be Visible Or 
Invisible according to the length of its wave in the ether. 
Waves in the ether may be thought of as similar to the waves 
which travel along the surface of a pool 
of quiet water when a pebble is dropped 
into it. The wave length (see Table 19) 
is the distance from the crest of one wave 
to the crest of the next. ther waves 
have different wave lengths. Waves of 
lengths from about 14,990 in. to}42,000 
in. act upon the nerves of the eye and 
thereby produce the sensation of sight. 


‘ Portiol 
Aluminum 


Fia. 176.—Light from the sun or even from a candle 
will cause the radiometer to rotate. The aluminum 
vanes are coated on one side with lamp black which is 
a good absorber of radiant energy. If only a slight 
vacuum exists in the bulb, the vanes will so rotate that 
the blackened sides move toward the light. The explan- 
ation of this action is: The black faces absorb radiant 
energy and are heated thereby. The air immediately 
adjacent to these black faces is also heated. The |} eated 
air rises by convection and thus causes a slightly smaller 
pressure on the black face of a vane than on its bright 
face. This slight difference of pressure causes rotation. 
But if the bulb is very well exhausted, its rotation will be 
such that the blackened faces move away from the light. 
The explanation of this action is too lengthy to be given 
here; the reader is referred to a good textbook on physics. 


Such are called light waves. Heat waves are longer than light 
waves varying in length from about 149,909 in. to 44,990 in. 


Notr.—Waves SHorter THan 4,900 In. Do Not Arrect TuHE 
Eyr-NERVES, hence they are invisible. But some of these short waves 
will cause certain chemical actions—they will cause reactions in the coat- 
ing on a photographic plate. These invisible short waves are called 
ultra-violet waves. 

Nors.—Licut-, Hnat- AND ELecTRICc-wavEs ARE ALL ASTHER WAVES 
AND AuL TrRAveL AT THE SamMeE SprEED, which is about 186,000 mi. per 
sec. But they differ in wave length, that is, in frequency. Electrical, 
or wireless-telegraph and telephone waves are much longer (they may 
be several miles long) than heat-waves. However, they possess the 
same general characteristics. Herein is evidenced the close connection 
between—or possibly the fundamental identity of—light, heat, and 
electricity. See the Author’s Practican Evecrric InLuMInation for 
a further and detailed explanation of the transmission of radiant energy 
through the ether. 
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180. Different Wave Lengths Cause Different Color Sensa- 
tions.—See Table 179. When the vibrations of the particles 
of a heated substance become so frequent that 400,000,000,000- 
000 waves are transmitted per second (wave length = about 
144,000 in.) the color sensation of red results. If the sub- 
stance is heated to higher temperatures, its molecules vibrate 
still more rapidly as its temperature increases. Its colors 
then successively are: (1) Red. (2) Blood Red. (8) Dark 
Cherry. (4) Mediwm Cherry. (5) Cherry or Full Red. (6) 
Bright Red. (7) Salmon. (8) Orange. (9) Lemon. (10) 
Light yellow. (11) Straw. (12) Light straw. (13) White. 
Each color corresponds to a certain temperature as shown in 
Table 63. These colors are utilized as temperature indica- 
tion in tempering steel. 


Nore.—WueEn A Bram Or Sun Licut Is Broken UP Into Its Dir- 
FERENT COMPONENT Coutors, By Tue InTmRPosITION Or A Gutass 
Prism in its path, the colors in the resulting spectrum appear (Table 179), 
in a descending progression as to wave-length, as red, orange, yellow, 
green, blue, indigo, and violet. ‘This shows that the light emitted by the 
sun is due to waves of all visible lengths. We know, from common 
observation, that heat waves are also radiated from the sun. It has 
also been shown by careful experiments that all “light’’ waves are, at 
the same time, radiant ‘“heat’’ waves—that is, that all light waves will 
heat a substance in which they are absorbed. 


181. The Specific Purpose Of All Forms Of Illuminating 
Devices, Or Lamps, Is To Disseminate Aither Waves.— 
In the design of lamps it is particularly sought to secure a 
maximum of lighting effect with a minimum accompaniment of 
heat. Perfection in the operation of a lamp would be attained 
if it emitted light waves only without heat waves. Since, 
however, light waves are at the same time heat waves, the 
desired result has never been realized. Issuance of light with 
practically no liberation of heat may be observed in the physio- 
logical processes of the glowworm and firefly, and in certain 
other phosphorescent phenomena. In these, the rate at which 
the heat is liberated is so slow that the temperature, of the so- 
called “‘heatless?” light sources, remain low. But artificial 
duplication of these natural processes, upon a commercially 
practicable scale now appears to be unattainable. 
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Notrr.—An Orpinary Kerosene Lamp, gives off as light (luminous 
radiant energy) only about 0.04 per cent. of the available energy in the 
oil. The remaining energy is dissipated in the surrounding air as non- 
luminous, radiant energy and in heating the air by conduction. Carbon- 
filament electric lamps give out, as light, only about 0.4 per cent. of the 
electrical energy which they consume. Gas-filled Mazda lamps give out 
about 3.0 per cent. Some highly efficient arc-lamps give out as light 
7.0 per cent. of the total electrical energy which they consume; the 
remainder, 93 per cent., is given out as heat which warms the 
surrounding atmosphere and objects. 

Notr.—Tup Erriciency Or A Lamp Orpinarity Incrrasms As THE 
TreMPERATURE Or Tue InLuMinatTinc EL.ement IncrEASES.—The 
filament-temperature in a gas-filled electric lamp is much higher than in 
any other type of electric filament lamp. This accounts for its rela- 
tively high efficiency. 

Nore.—Momentary Repuctions Or Tue Voutracr Wuicu OpEr- 
aTrEs AN Exrctric Lamp Resutts In Corresponping MomENTARY 
DminisuMeEnts OF Its Licutina Errect.—A small voltage-diminish- 
ment produces a considerable decrease in lighting effect. Such fluctua- 
tions of emitted light are due directly to the very slight decreases in 
filament-temperature which attend the momentary drop of voltage. 
On the other hand if the temperature of the filament is kept higher than 
that for which it was designed, the “life” of the lamp will be greatly 
curtailed. Hence the importance of maintaining the filaments at as 
high—but at no higher—a working temperature as is consistent with 
considerations of durability is evident. This subject is discussed fully 
in the author’s Practica ELecrricat ILLUMINATION and AMERICAN 
Evectricians’ HANDBOOK. 

182. If The Temperature Of An Electrical Conductor Be 
Increased, Its Resistance To Current Flow Will Generally 
Be Increased.—Thus the power available at the receiving end 
of a transmission line may decrease as the temperature of its 
conductors increases. This principle is utilized in certain 
temperature-measuring instruments. See Sec. 669 for a 
description of a resistance pyrometer. 

Note.—Tue ArrractivE Force Or A PERMANENT MaGnet js 
decreased by applications of heat. Thus if a horseshoe magnet is heated 
its magnetic strength is decreased. This effect. of heat can be verified 
by the following simple experiment: Take an ordinary darning needle 
and stroke it over a permanent magnet a fewtimes. Thedarning needle 
will then attract other needles; that is, it has been magnetized. If the 
needle is then heated in a flame to a red heat and allowed to cool, it 
will be found that it does not attract other needles anymore; hence it 
has lost its magnetism. 
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184. The Strengths Of Metals May And Generally Do 
Vary With Their Temperatures.—High temperatures (Table 
183—Figs. 177 and 178) generally reduce the strengths of metals. 


a 
s 


= 


Percentage of Strength at 10° Fohr. 
~r 


10 200 300 400 500 60 100 800 900 1900 WOO 1200 1300 20 ry) 600 800 W00 1200 
Temperature in Degrees Fahr. - Temp. in Degrees Fahrenhei t 


= 


Tensile Strength inLb.per So.in. 
n 


Fie, 177.—Showing percentage varia- Fie. 178.—Graph showing variation of 
tion in strength of different metals with strengths of metals as temperature 
variation in temperature. (Values com- rises. (Plotted from values in MACHINERY’S 
puted from those of Fig. 178.) HANDBOOK, p. 300.) 


But low temperatures may also produce weakening effects; 
a freezing temperature (32° F.) renders steel, very brittle. 
Other metals also become extremely brittle at low temperature. 


QUESTIONS ON DIVISION 6 


1. What are the three possible effects of adding heat to a substance or abstracting 
heat from it? 
2. What is a property of asubstance. Name several properties. Can properties be 
changed? 
8. Define a process. Give several examples of processes. ° 
4, What is a physical process? Giveseveralexamples. In this division, what phys- 
ical processes are discussed? 
5. Explain the difference between a reversible and an irreversible physical process 
and give examples of each. Into which class do most physical processes fall? 
6. What is a chemical process? What four general types of chemical process are 
there? Explain each and give examples. 
7. Explain what heat effects may accompany chemical reactions. Give examples. 
8. Define dissociation. What is the difference between a dissociation and a decom- 
position? Give examples to illustrate the difference. 
9. What causes a body to expand? Explain. 
10. What is contraction? 
11. How may expansion of materials be utilized for doing work? Describe two 
examples in full. 
12. What is melting? Fusing? 
13. What is the transition of a substance from liquid to vapor called? 
14. Does the temperature of a substance change while the substance is in process of 
melting? While in process of vaporization? 
15. Does melting or vaporization of a substance require absorption of additional heat 
by the substance? 
16. Give some examples of the sublimation of solids. 
17. Explain what happens when a solid sublimes. 
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18. What is viscosity? 

19. How is asolid distinguished from a liquid? 

20. What is the effect of temperature upon the viscosity of a substance? 

21. How does a liquid manifest mobility? 

22. What, in general, is specific viscosity? 

23. At what temperatures are the specific viscosities of substances defined? 

24. How does temperature affect the gas-absorptive property of solids? 

25. Explain fully how gases are absorbed in solids. 

26. Give examples and uses of gas-absorptive solids. 

‘27. State the phenomena by which the gas-absorptive property of liquids may be 
demonstrated. 

28. What liquid is it that will dissolve a greater number of different solids than any 
others? Name other solvents. 

29. Upon what factors does the dissolving capacity of a liquid depend? 

30. What effect does the dissolving of a solid in a liquid have on the temperature of 
the solution. Discuss in full. 

31. Do vapors carry solids in solution? What is the special significance of this fact 
in power-plant operation? 

32. How is scale formed in a steam boiler? 

33. Describe an apparatus for generating electrical energy directly from heat. Howis 
it used commercially? 

34. What is light? What are some of the characteristics of light? What is the 
cause of light? Whatiscolor? What is the relation of color to temperature. 

85. Are ordinary lamps efficient in their production of light? What effect do changes 
of temperature of the illuminating element of an electric lamp, produce in the quality of 
the light afforded? 

86. How does temperature affect the strength of metals? 

37. How is the electrical resistance of a substance dependant on its temperature? 
What commercial use is made of this fact? 


DIVISION 7 


EXPANSION AND CONTRACTION OF SOLIDS 
AND LIQUIDS 


185. ‘‘Addition Of Heat Causes Expansion, Withdrawal Of 
Heat Causes Contraction” (Fig. 179) is, in general, true for 
all substances. There are, how- 
ever, certain exceptions; see Sec. { 
187. This subject has already ™..| Eia3 
been discussed, briefly, in Sec. 


(Circular |4------ Sheet Metal Ploite 
. Hole 


Wooclen 
Hoinolle-~ 


: ; %. 
159. There it was explained Hela 
that addition of heat causes an Vis -Woodien 
increase in molecular vibration. “““ . 

. . Fie, 179.—Heat expands objects. 
Hence, expansionresults. With- (When cold, both the hole H and ball B 


drawal of heat causes a decrease are of the same diameter, then B will 
inmolecularvibration. Thereby, jaieh it cia: eat ers s 
contraction ensues. In_ this 
division, the subject. will be treated in more detail. 

186. Expansion And Contraction Of Solids will be consid- 
ered first. In general, when the temperature of any solid is 
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Fie. 180.—Girder bridge with provision for expansion (bridges over 100 ft. long 
usually have roller bearings; from 50 to 100 ft. span may have friction shoes instead of 
roller shoe). 


increased, it becomes larger. When its temperature is 
decreased, it becomes smaller. Many examples of these 


phenomena are familiar to all. 
159 
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Examp.es.—Electric wires on pole-lines sag further on a hot day than 
on a cold day. Railway track-rails expand on hot days, and buckle. 
This may cause wrecks. Steel bridges have expansion joints (Figs. 180 
and 181), so that expansion of the span will not cause damage. Wagon 
tires are heated to render them sufficiently large to fit over the felloes; 


_ ie 
Suspendled Span.-" ‘ ‘ Contilever Endl of —~ 
Swinging Suspension-Link-’ ToWer Glroler- - -- ---- 

to Accommodate Expansion cna! Contraction 


Fie. 181.—Swinging-link expansion joint used in reinforced-concrete viaduct. 


in cooling, the tire contracts and renders the whole very rigid. In making 
machinery, metal collars are, often, expanded by heat and then allowed 
to shrink firmly onto shafts. Brick power-house chimneys are often 
made double so that excessive expansion of the inner shell will not affect 
the outer. A heated journal in a bearing may expand and become 
siezed. 


Hollow Ball 
Filled With 


“E-Plugging Ball T-Cooling I-Result 


Fra. 182.—Illustrating the effects of freezing in a closed vessel. A hollow cast iron 
ball filled completely with water and plugged is placed in a pail containing ice and salt. 
As the water freezes, it erpands and the force of expansion breaks the ball. 


187. Exceptions To The General Rule That Heating 
Expands Substances And Cooling Contracts Them are these: 
As water is cooled, it contracts until its temperature has 
decreased to 39.2° F. (4° C). But as it is cooled further, it 
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expands. It may solidify into ice. But, as is common knowl- 
edge, ice occupies greater volume than the water from which 
it forms and may, in freezing, break pipes (Fig. 182) and split 
rocks. See following Sec. 209 for a further discussion. The 
metals iron, antimony, and bismuth contract on melting and 
expand on solidifying. The contrary might reasonably be 
expected since, obviously, melting requires the addition of 
heat. On the other hand, certain other metals—gold, silver, 
and copper, for example—expand in melting and contract in 
solidifying. Hence, these latter metals cannot conveniently 
be cast but must be stamped. 

188. The Amount Of Expansion For The Same Temperature 
Increase, Is Different in Different Substances.—Likewise the 
amount of contraction, for the same temperature decrease, is 
different. These facts have been verified, experimentally, 
many times. This property is utilized practically in a number 
of different devices, as explained in the examples below: 

Exampie.—Rubber (see Table 192) expands 0.000,042,8 of its length 
for each degree Fahrenheit temperature increase. Cast brass expands 
0.000,010,4 of its length per degree Fahrenheit. Thus, the expansion of 
the rubber is about four times as great as that of brass. Hard glass, 
however, expands only 0.000,003, 3 of its length per degree Fahrenheit 
increase. 
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Fia. 183—The compound bar (cold Fic. 184.—Home-made thermometer 
and heated). operating on the compound-bar princi- 
ple. (L. Pyle in Popular Mechanics.) 
ExampLe.—lIf two similar strips of metal which expand at different 
rates are fastened together (Figs. 183 and 184) by riveting or welding, 
the strains which occur when the compound bar is heated will cause the 
bar to bend, somewhat as shown in the illustration. This principle is 
applied in various devices and instruments. The bending is due to the 
fact that the length of one of the component strips increases more for 
the same temperature rise than does the length of the other. 
EXxamMpLe.—TueErmostatic Mera (Figs. 185, 186 and 187) is made 
by welding together permanently, through their entire length with the 
a 
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oxyacetylene flame, two strips of metal which have widely different 
expansion coefficients. It is used for temperature indication, tempera- 
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ture control, or temperature compensation in: oven thermameters, 

electric heaters, ice machines, refrigerators, thermostats, automobile 

ie ee, ignition control, battery-charging 

Strip--.. control, electric-signal control, and 
oi carburetors. 

Exampie.—The thermostat 


ohie 


Gripping Blocks---~~ |G 


\ (Fig. 188) operates on the com- 
8 pet nas pound-bar (Fig. 183) principle. A 
s thermostat may be used for closing 
= the circuit in an electric-signal 
Spring system, to sound an alarm, if the 
<--Balance 


temperature becomes excessive. 
Thermostats are also used to regu- 
late the dampers in heating 
systems. Thereby, they provide 
: automatic heat control. When 
Fia. 187.—Showing probable apparatus the room becomes too warm, the 


employed in testing thermostatic metal thermostat-bar bends in one direc- 
strip in determining the values from which 


Fig. 185 was plotted; the metal strip was tion and completes the damper- 
probably enclosed in a tube wherein any closing circuit. If the room be- 
desired temperature would be provided. comes too cool, the thermostat-bar 


The values from which Fig. 186 was plotted bends in the other direction. and 
were probably obtained by permitting the j 


metal to deflect free—that is, witheut using completes the damper-opening 
the spring balance. circuit, 
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Exampie.—Clock pendulums will, due to temperature changes, 
vary in length, unless some compensating arrangement is provided. 
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Fig. 188.—The thermostat. 
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Fie. 189.—Pendulum with wooden 
supporting stem to minimize effects of 
expansion and contraction 


i] 
Hh 


Screws’ 


¥Fia. 190.—Compensated pendulum. Fie. 191—Compensated balance wheel 
for a watch. 


Variation in pendulum length may cause the clock to run either too 
fast or too slow. Wooden stems (Fig. 189) are sometimes used because 
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(see Table 192) wood expands and contracts but slightly with changes 
in temperature. In the compensated pendulum (Fig. 190) there is, 
practically, no change in the effective length, L. When the metal bars 
B expand, they tend to lengthen the pendulum. But bars A, which are 
of a different metal, expand more than do bars B; this tends to shorten 
the pendulum. The lengths and the materials of A and B, are so 
: selected that the actual pendulum 
sh >, length, L, is always, under reasonable 
OP temperature conditions, the same. 
ExamMpete.—The compensated 
balance wheel (Fig. 191) of a watch 
is so made that the ends H of the 
segments adjust themselves according 
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Fie, 192.—‘‘Davis”’ steam-radiator Fie. 193.—The ‘‘Onderdonk”’ radiator 
air valve. (When BR is surrounded by air valve. (Float F, closes valve, V, if 
steam it expands and closes valve, V. water enters it. Bar, B, closes V after 
Or, when water enters the chamber, steam has entered it. The valve remains 
float, F’, rises and closes V.) open when there is only cold air in it.) 


Thereby, the watch is caused to run at a constant speed. If the balance 
wheel were not ‘‘compensated,” the temperature would affect the speed 
of the watch. When warm, the oil would be thinner. Also, the dia- 
meter of the wheel and the length of the hair spring would be greater. 
When cool, these effects would be reversed. With a properly compen- 
sated wheel, they are, practically, of no consequence. 

Exampiy.—Arr Vatves In STEAM-HEATING Raprarors (Figs. 192 and 
193) may be automatically controlled by utilizing the compound-bar 
principle (Fig. 198) or by the expansion (Fig. 192) of a rubber post. 


189. Expansion May Be Considered Under Three Different 
Headings: (1) Lineal expansion, which is increase in length. 
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(2) Surface, superficial, or areal expansion, which is the increase 
in area of a surface when it is heated. (8) Volumetric expansion, 
which is increase in volume. Obviously, there may likewise 
be lineal contraction, superficial contraction and volumetric 
contraction. Each of these phenomena will be considered. 

190. The Coefficient Of Lineal Expansion is defined as the 
ratio of the increase in the length of a bar of material to its 
original length when the temperature of the material is increased 
1° F. (or C.). A more practical definition is (Fig. 194) 
this: The coefficient of lineal |. OC ene aia (ve Jin. 
expansions the increase in length, KAN Deg. Fah Lengtheline =~ == as 
an inches, due to a temperature —— : 
increase of 1° F. (or C.) in a bar ' 
of the material which was ee 
originally 1 in. long. It is the 
increase in length, in inches per inch of original length, per degree 
temperature difference. 

Nore.—A Corrricimsnt Or Expansion Can Br Oprarnep By Con- 
SIDERING THE DEcREASE IN LENGTH, due to a temperature decrease, as 
well as by considering the increase in length, due to a temperature 
increase. Hence, the same coefficient is used in computing either con- 
traction or expansion. Table 192 specifies some coefficients of lineal 
expansion. 

191. A Coefficient Of Expansion Computed On The Basis 
Of The Above Definition Is Not Absolutely Accurate.—The 
exact value of an expansion coefficient depends upon the 
temperature at which the coefficient is determined. Likewise, 
the coefficient values given in Table 192 are not strictly accu- 
rate for every temperature. But the expansion coefficient 
values of any material differ, at different temperatures, from 
the values of the table so little that the errors which they 
may introduce through their application are of absolutely 
no consequence in any practical problem. A similar situation 
obtains for coefficients of areal or surface expansion (Sec. 199) 
and cubical-expansion coefficients (Sec. 202). For pure 
metals, the coefficient generally increases with the temperature. 
For alloys, there appears to be no general rule. 

Exampie.—As taken from the SMITHSONIAN PuysicaL TaBuzEs, the 
coefficient of lineal expansion of aluminum at 100° F. = 0000.,012,8; at 
1,112° F. = 0.000,017,5. 
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192. Table Showing Coefficients Of Lineal Expansion Of 
Some Common Materials.—The tabulated values are equi- | 
valent to the expansion (or contraction), in inches, in each 
1 in. original length, for each 1° F. increase (or decrease) 
The values given here are the average 


values of the coefficient of lineal expansion between the tem- 
peratures 32 and 212° F. 


in temperature. 


Average Average 
: coefficient ; ; coefficient 
Material, metals Gf imeal Material, various oh linesl 
expansion expansion 

Alumni peer OROOOF O28 Sa exrickss ecsre ere 0.000, 003 ,1 

Aluminum bronze. .| 0.000,009,4 || Carbon, coke...... 0.000 , 003 ,0 

INMHTENON YS 5.6 oom do 0.000 ,005,8 || Cement, neat......| 0.000,006,0 

Brass, Castsuen. vase 0.000 ,010,4 || Concrete.......... 0.000 , 008 ,0 

Brass; Wileaarer 0.000,010,7 || Glass, thermometer | 0.000,004,5 

Bronzewsceeisee ae 0.000 ,010,0 || Glass, hard........| 0.000 ,003 ,3 

Copperseieeccnsicr 0.000 ,009,3 |) Glass, plate and 

German silver......| 0.000,010,2 || crown............| 0.000,005,0 

Goldd ae eee 0.000,008,2 || Granite........... 0.000 ,004,8 

fron; pure... -j.. 5. 0.000 ,006,7 || Graphite.......... 0.000, 004, 4 

Iron castemnes ick 0.000 ,005,9 || Limestone......... 0.000, 001 ,4 

Tron, soft forged....| 0.000,006,3 || Marble............ 0.000, 006 ,5 

rOn Aware eae 0.000,008,0 || Masonry, from.....} 0.000 ,002,5 

Teagan ee oak ae 0.000 ,015,2 OTA Ha itetactors Gat 0.000 ,005,0 

Magnesium........ 0.000 ,014,5 || Porcelain..... 0.000 ,001,7 

Phosphor bronze. ..| 0.000,009,4 || Rubber........... 0.000 ,042,8 

Silvera cemeronerre 0.000,010,7 || Vulcanite.......... 0.000 ,040,0 

Soldersnsemenaaasten 0.000 ,013,4 || Wood, oak: 

Steel, Bessemer: parallel to fiber. .| 0.000,002,7 
rolled hard...... 0.000 , 005 ,6 across fiber......| 0.000,603 ,0 
rolled sottned tee 0.000,006,3 || Chestnut: 

Steel, nickel (10% parallel to fiber. .| 0.000,003 ,6 
IND) tener one MONOOO ROU cs across fiber......| 0.000,001,9 

WDITal Soercieetars pertctas y 0.000 ,012,7 || Ash: 

Type metal....... 0.000 ,010,8 parallel to fiber. .| 0.000,005,3 

ZAN CM ete 0.000.016.5 || Pine: 

Zinc) (Cast) oases 0.000 ,010,6 parallel to fiber. .| 0.000 ,003 ,0 
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193. Apparatus For The Determination Of The Coefficient 
Of Expansion utilizes the general principles indicated in Figs. 
195 and 196. For tests where precise values are unnecessary, 
an equipment, similar to that of Fig. 195 may be used for 
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Fie. 195.—An apparatus for determining the coefficient of lineal expansion. 


determining the lineal expansion of metals. For a very 
accurate determination, microscopes (Fig. 196) may be 
employed for measuring the increase in length. 
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Fig. 196.—Equipment for precise coefficient-of-lineal-expansion determinations. 

194. The Formula For Computing The Coefficient Of 
Lineal Expansion, which follows from the definition given in 
preceding Sec. 190 is: 


DL, —Ly : 
(91) &% = TTT) (coef. of linear expan.) 
or, since (jes Macias 
l 


(92) Ci Si T) (coef. of linear expan.) 
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Wherein: e, = the coefficient of lineal expansion. Li = the 
length of the material, measured in any unit, at the tempera- 
ture T,. Le = the length of the material, measured in the 
same unit as Ly, at temperature T2. 7’: and T,=respectively, 
the temperatures in degrees Fahrenheit. | = increase in 
length due to expansion, in the same unit as Li. 


Nore.—Ir Tur Ortarnat Lenetu, 1, OF Tae Marertay Is Unity, 
say 1 ft., and the temperature change is 1° F., then For. (91) becomes: 


(93) é, =I2—1 (coef. of linear expan.) 


ExampiEe.—At a room-temperature of 72° F., the length of the copper 
rod A, in Fig. 195, is 24 in. When the thermometer, 7, reads 212° F., 
the rod length has increased 0.031,2 in. What is the coefficient of lineal 
expansion of copper? Sorution.—Substituting in For. (92): ex = 
1/L,(T2 — T1) = 0.031,2 + [24 X (212 — 72)] = 0.031,2 + (24 X 140) = 
0.031,2 + 3,360 = 0.000,009,3 = coefficient of lineal expansion of copper, as 
shown in Table 192. 


195. The Formula For Computing The Amount Of Lineal 
Expansion Or Contraction When An Object Is Heated Or 
Cooled is this: 

(94) l = eT (inches) 


Wherein: J = increase in length due to expansion, or decrease 
in length due to contraction, in inches. Li=the length of the 
object before heating or cooling, ininches. e, = coefficient of 
lineal expansion from Table 192. 7 =the temperature 
increase or decrease, in degrees Fahrenheit. (Zi: may be 
expressed in feet or any unit of lineal measure; then / will be 
in the same unit.) 


DERIVATION.—By definition (Sec. 190) the coefficient of expansion ez, 
is merely the expansion increase (or the contraction decrease) in inches, 
per inch original length, per degree temperature difference. Hence, to 
obtain the amount of expansion or contraction, it is merely necessary to 
multiply together the original length, the expansion coefficient and the 
temperature difference. These are the operations which For. (94) 
indicates. 

Exampie.—An iron rod which is 10 ft. long has its temperature 
raised 25° F. What is its increase in length? SonutTton.—For iron, 
from Table 192, ez = 0.000,006,3. Now, 10 ft. = 10 X 12 in. = 120 in. 
Substituting in For. (94), the increase in length is: 1 = ezL,7 =0.000,- 
006,38 X 120 X 25 = 0.018,9 in. 

Exampie.—A steel bridge is 872 ft. long. The variation of tempera- 
ture in the locality, from the lowest winter to the highest summer tem- 
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perature, is 135° F. What is the maximum change in the length of the 
bridge? So.iuttion.—From ‘Table 192, ez for steel = 0.000,006,3. 
Now, 872 ft. = 872 X 12 in. = 10,464 in. The increase in length is: 
L = ezLiT = 0.000,006,3 X 10,464 X 135 = 8.9 in. 

ExampiEe.—What will be the change in length of a copper wire, strung 
between two poles which are set 120 ft. apart, when the temperature 
change is 120° F.? Neglect the elasticity and sag of the wire. SouurTron. 
—From Table 192, ez for copper wire = 0.000,009,3. Also, 120 ft. = 
120 X 12 in. = 1,440 in. By For. (94); 1 = exLiT = 0.000,009,3 X 
1,440 X 120 = 1.6 in. 


196. The Formula For Computing The Final Length Of A 
Material After It Has Been 
Heated (Fig. 197) is given [4 7-~jbeerat whentontiver) 
below. This is the same as [=== + 
For. (94) except that the 
original length, Z,, is added F's. 197—Lineal expansion of bar of any 


in the right-hand member. eee 

(95) L, = Ly + Lie. T (inches) 
or: 

(96) Ly = Ly(1 + eT) (inches) 
or, substituting in (96) for 7 its equivalent (72 — 73): 

(97) Le = Ly; + Liex(T2 — 11) (inches) 


ExamPtEe.— What will be the length of a cast-brass rod, at 200° F., if the 
length at 40° F., is 20 in.? SoLtution —The lineal-expansion coefficient 
of cast-brass is, from Table 192, 0.000, 010,4. Now, substituting in For. 
(97): Le = Ly; + Lyezx(T2 — T1) = 20 + [20 x 0.000,010,4 x (200 — 
40)] = 20 + [0.000,208 X 160] = 20 + 0.033 = 20.033 in. = length at 
200° F. 

197. For Computing The Final Length Of A Material After 
It Has Been Cooled, For. (97) becomes: 


(98) Ly = Ly — Eye,(T2 — 73) (inches) 


198. Areal, Surface, Or Superficial Expansion (Fig. 198) is 
the increase in the area of a surface when it is heated. It is 
evident that the surface of any material will be larger, after 
heating than before, since the lineal expansion occurs in each of 
its two principal directions. 

199. The Coefficient Of Areal Expansion is taken as twice 
the coefficient of lineal expansion. Strictly, this is not true. 
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But the error which the assumption introduces is of no conse- 
quence, practically. 


EXxpLANATION.-—Consider a copper plate (Fig. 198) which is 1 in. 
square. Its area is: 1 X 1 = 1 sg. mm. Now if this sheet is heated, it 
will expand lineally in two directions: Both its 
a cee Sel length and width become greater by an Peas 
2 es er. Obviously, the sheet is now (1 + ez) i 
square. Hence, its area is now (l+ezr)xX(Q rs 
ez) = (1 + ex)? = 1+ 2e, + ex’. Substituting in 
this formula and taking the lineal expansion 
coefficient for copper as 0.000,009 from Table 192, 
the following results: 1 + 2e, + en? = 1 + 
cise vi (2 < 0.000,009) + (0.000,009)? = 1 + 0.000,018 
kL, length “ier + 0.000,000,000,081 = 1.000,018,000,081 = areal 
k-L,- Length=(+e,) In-- >| 3 f : é 
expansion coefficient for copper. It is evident that 
Fre, 198.—Illustrating the value equivalent to ez’, which is 
derivation of coefficient (0.000,000,000,081, is so small that its omission 
CASES rA on pansion. from the coefficient would result in no material 
error. It is, therefore, apparent that for all practical purposes it is 
sufficient to assume that coefficients of areal expansion may be taken 
as twice those of lineal expansion, which are given in Table 192. 


Area Bele) Heat 


ap Pn fee Ieg 


<(j+e,)* = (1+ 2¢.+ C2) Sq. 1N., Or 
paperoxob rae) Ie hy 


~ Therefore: e5= 26," igs 


200. The Formula For Computing Increase In Area, Due 
To Areal Expansion, which follows from the statements of Secs. 
198 and 199, is this: 


(99) A = esAil (square inches) 


Wherein: A = increase in area, due to expansion, or decrease 
in area, due to contraction, in square inches. es = coefficient 
of areal expansion = 2 X lineal-coefficient value from Table 
192. J =the temperature increase or decrease in degrees 
Fahrenheit. A, = initial area in square inches. <A, For. (99) 
may be expressed in square feet or in any unit of areal measure. 
Then A will be in the same unit. 

Exampie.—A section of street paving which measures 20 X 24 ft. 
is subjected to a temperature difference of 185° F. If the lineal-expan- 
sion coefficient of the material is 0.000,003, what will be the change in 
area? SoututTion.—The areal-expansion coefficient will be 2 X 0.000,003 


= 0.000,006. Therefore, the change in area will be, For. (99): A = 
esA,T = 20 X 24 X 0.000,006 X 125 = 0.36 sq. fet. 


201. Cubical, Cubic, Or Volumetric Expansion (Fig. 199) is 
the increase which occurs in the volume of a substance when 
the substance is heated. Cubical contraction is the decrease 
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in volume when the substance is cooled. It is evident from 
Fig. 199 that when a substance is heated, it expands lineally 
in all three directions. The change in volume which results is 
just as definite as a change of length due to lineal expansion. 

202. The Coefficient Of Cubical Expansion (Table 207) is 
assumed to be equal to three times the coefficient of lineal 
expansion, certain values for which are given in Table 192. 
While this assumption (see explanation below) isnot absolutely 


accurate, it is sufficiently so for ordinary use. 
LLL LEE ELE 


bP ET He 
AIM IAA APA AF 


EXpLaNATION.—Assume _ that Orie 
the l-in. cube of Fig. 199 has, 
before heating, a volume of 13 = 1 
cu. in. After the temperature of 
the cube has been increased 1° F., 
the cube expands the distance ez in 
each of the three lineal directions. 
Hence, the length of each of its 
sides becomes (1 + ez). Now the 
volume of the heated cube will 
be (1 + ex)? = (1 + 8ez + 8ez? + 
ex’) cu. in. Now, as demonstrated vai mini ime 
in explanation under Sec. 199, the AP pup s ar 
values equivalent to Sent and ¢.? Fia. 199.—Illustrating the cubical 
will be so small as to be IMCONSeqU- —oefficient of expansion (the volume of the 
ential. Hence, they may be dis- corners C: C2 C3 and C4 are so small as 
regarded. Therefore, the volume compared with the volume of the whole 
of a hested cube can, with very ft thy are dineeaded tn sompting 
small error, be taken as (1 + 8¢;) 
cu.in. In other words, 3ez is the coefficient of cubical expansion. 


203. The Formula For Computing The Change In Volume, 


Due To Cubical Expansion which follows from the preceding 
discussion and statements is: 


(100) V = 8e,ViT (cubic inches) 


Wherein: V = change in volume, due to expansion or con- 
traction, in cubic inches. V, = the original volume of the 
substance, in cubic inches. Other symbols have the meanings 
hereinbefore specified. V, (For. 100) may be expressed in 
cubic feet or in any other unit of cubical measure. Then, V 
will be in the same unit. 


Examp.e.—A block of concrete is 30 ft. wide, 17 ft. high, and 4 ft. 
thick. What will be the change in its volume, when its temperature is 


ST 


VPP EPI 
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changed 50° F.? Soturion.—From Table 192, the lineal-expansion 
coefficient for concrete = 0.000,008. Then the cubical-expansion coeffi- 
cient = 3 X 0.000,008 = 0.000,024. The original volume = 30 X WiaXK 
4 = 2,040 cu. ft. Now, substituting in For. (100): V = 8e,Vil = 
0.000,024 X 2,040 X 50 = 2.45 cu. ft. 

204. The Formula For Computing The Volume Of Any 
Substance, After It Has Been Heated Or Cooled, Is: 


(101) Vo = Vill + eT) (cubic inches) 


Wherein: V2 = final volume, in cubic inches. Vi = original 
volume, in cubic inches. ey = coefficient of cubical expansion 
from Table 207, or ey = 3¢,, as taken from Table 192. T = 
the temperature increase or decrease, in degrees Fahrenheit. 

205. The Expansion Of Liquids has been mentioned in the 
preceding discussion (Sec. 57) of thermometers. All liquids, 
with the exception of water, as explained below, expand when 
heated and contract when cooled. This property renders 
possible the mercury thermometer. Due to their expansion, 
all liquids increase in volume when heated (except some when 
near the freezing point). In general for any given solid the 
change in volume per degree temperature difference is practically 
the same, regardless of the original temperature under considera- 
tion. But for liquids this is not true. With different liquids 
the change in volume, per degree temperature difference, 
varies somewhat according to the temperature under considera- 
tion; the coefficient is greater at high than at low temperature. 
However, for practical engineering purposes, average values 
(Table 207) may be taken. 

Nore.—Tup Expansion Or Liquips Is Cupicat.—Hence, the pre- 
ceding formulas which were given for computing cubical expansion are 
the ones which are applied for figuring the expansion of liquids. 

206. Coefficients Of Cubical Expansion of Liquids Are 
Difficult Of Accurate Determination—The liquid under 
observation must be contained in a vessel, the material of 
which has an expansion coefficient different from that of the 
liquid. However, compensation for the possible error, thus 
introduced, may be made. 


Ex ampiy.—Compensated clock pendulums may be made (Fig. 200 and 
201) with mercury, in glass vessels, constituting a ‘‘bob.’”? When the 
rod, R, expands downwardly, the mercury, M, expands upwardly. 
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Thereby, assuming correct design, the effective length of the pendulum 


remains unchanged. 


179 ee 


Adljlis 
Nut 


Fie. 200.—The mercury-com- 


pensated pendulum. 
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Fie. 201.—Clock equipped with mercury- 


compensated pendulum. 


207. Table Showing Coefficients Of Cubical Expansion Of 
Some Common Liquids And Solids. 


Coeffi- Coeffi- 
Material oe of Material erent Oe 
cubical cubical 
expansion expansion 
e. 
IA CECA CIC ei ctenis sokiiek Gite OOOO; SON Olive voile omen cerieiist tera 0.000,41 
Alcohol (ethyl)....26 ++. ootors OROCOFGI | -Petroleumteech aa meee 0.000, 55 
Alcohol (Gnethyl);..2...2.-e5.: 0.000,80}| Sodium chloride: 
IBEMZING ccle oroeperstae oiiye.c Ce eee 0.000,77 1.6 per cent. solution... 0.000,60 
IBENZOles snc e coe cee 0.000,70 26 per cent. solution........| 0.000,24 
Calcium chloride 5 to 50 per Sulphuric acidj.c0: ose cae. 0.000, 27 
CENb. SOLULION. we sicce case oe cus 0.000,28/' Sulphuric acid, 50 per cent. 
Chloroform. cc 5c .disievoctseeeaate 0.000,77 solutions escort eee 0.000,45 
UY SPSS reece Se COMER Te Oe O00 I 21 Muurpentines siaaence ee eee 0.000,56 
Givycennennc gen are Souter OZO00F 28 Water. t-percenactetteeien scat 0.000,10 
Hydrochloric acid............. 0.000,27|| Ice (4 to 30° F.)........... 0.000, 62 
Hydrochloric acid 50 per cent. Para hiniw axe cris oot cn enters 0.000, 61 
BOLULIOD. peccie eee eee OZ000 ,oO)|MRocksalt acces co eee 0.000, 67 
Wiercurymes «Jochen cen eae GHOOO LON Sulphur. seen retterecheacel ae 0.000 ,40 
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Exampie.—An open tank contains 6,700 gallons of water of 60° F. 
How many gallons will it contain, if the temperature of the water is 
increased to 105° F.2 Sorution.—From Table 207, the cubical coeffi- 
cient of expansion of water is 0.000,1. The change im temperature = 
T = 105 — 60 = 45°F. Now, substituting in For. (101): V2 = Vil + 
evT’) = 6,700 X [1 + (0.000,1 x 45)] = 6,730.15 gal. 

208. Liquids Are Practically Incompressible.—The amount 
which they may be compressed is exceedingly small. Hence, 
when the liquids which completely fill closed vessels are heated, 
the resulting pressure, due to their expansion, may be enor- 
mous. Serious distortions and ruptures in containing vessels 
may result through disregard of this fact. 

Exampue.—In hot-water heating systems an expansion tank is located 
near the top of the building; see Div. 17. Into this tank, the water 
expands, when heated. If the expansion tanks or other suitable arrange- 
ments were not provided, the enormous pressure which would be devel- 
oped in the system by heating of the water might cause valve leakage, 
and the breaking of radiators, valves, or fittings. 

209. The Peculiar Expansion And Contraction Of Water 
(Fig. 202) will now be considered. Since water is the most 
common liquid it will be discussed 
herein at some length. All liquids 
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in volume of water as it is heated. shown.) 
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with certain exceptions, water for example, (Figs. 203 and 
204) contract when cooled. When water is cooled its volume 
changes considerably, as is shown by the graph (Fig. 202). 
But at about 39° F. it is (Fig. 205) at maximum density. 
That is, it weighs more, ver unit of volume, at this tem- 
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perature than at any other temperature. If it is cooled below 
this temperature, it begins to expand. This is a peculiar 
characteristic of water. After cooling to 32° F. it solidifies 

into ice and the freezing is 


wan accompanied by farther 
expansion. 
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temperatures. 


Or Warter.—It is Nature’s provision against the oceans, lakes and 
rivers freezing to the bottom. Ice forms at the surface of the water and 
being lighter than water remains there. Thus it covers or blankets 
the water beneath. It prevents the lower strata of water from becoming 
cooled to the freezing stage. 

210. When Water At A Temperature Above 39° F. Is 
Heated, It Expands.—Its density then diminishes and it 
becomes “lighter.” That is, its weight per unit of volume 
decreases. This property is very important in certain heating 
processes. : 

Exampie.—When heat is applied to the bottom of a tank which con- 
tains water, a circulation of the water immediately ensues. The stratum 
of water in contact with the bottom is heated. Thus it is caused to 
expand. It becomes less dense, or “lighter” than the water above. 
The cooler, and heavier, water at the top then circulates to the bottom. 
It thereby displaces the heated water, which ascends to the surface, 
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Hot water may thus be drawn from the top of:a tank before the entire 
mass of water is heated. 


211. The Expansive Property Of Water Is Utilized In Hot- 
water Heating Systems.—The cooler, and heavier, water 
flows into the boiler, or heating element, at the bottom.: 
Therein it becomes (Fig 126) heated and expanded. It then 
flows through the radiators and gives up some of its heat to the 
air in the rooms. When it leaves the radiators, it is again 
comparatively cool. It then flows down to the boiler through 
the return pipe. A continuous circulation is thus maintained. 

212. Differences Of Expansion And, Therefore, Of Density 
Between Different Parts Of A Volume Of Water Cause 
Currents To Circulate Therein.—These are called convection 
currents. The rapidity with which water may be heated 
depends upon the rapidity of these currents. Without them 
it would be difficult to heat water in any form of vessel, 
whether a teakettle on a kitchen stove or a steam boiler in a 
power plant. Water is a very poor conductor of heat. 
Hence, this property (conduction) is not effective in carrying 
heat quickly to all parts of a mass of water. 

213. Freezing Water Exerts An Enormous Expansion Force 
(Figs. 182 and 206). Ordinarily, one cubic foot of water 
becomes about 1.085 cu. ft. of ice. The 
expansion is about 8.5 per cent. The 
expansion of a body of water, by freez- 
ing into ice, thus amounts to more than 
one-twelfth of the initial volume of the 
water. If water is frozen in a closed 
vessel, the expansion of the ice thus 
formed may, and generally will, rupture 
the vessel, even though the vessel be 
made of iron or steel. 


Fie. 206.—The result of 
water frozen in a closed ; 
cast-iron vessel. (Actually Exameitye.—A gallon of water contains 231 
the expanding ice, which cu. in. Hence, if a gallon of water freezes to 
breaks a vessel, issues from icge at 32° F., the volume of the ice will be 
the hole which it makes as 231 e 
ahownia Me 182) 31 X 1.085 = 249.64 cu. in. 

Notrs.—Tue Moxrscutes Or Water In 
Tar Form Or Icr Arr Croser ToGeTHER THAN ARE THE MOLECULES 


Or Liguiy Warrer.— Thus the behavior of water, when passing from 
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the liquid to the solid state, presents no exception to the general law 
(See. 50) which governs molecular action in substances from which 
heat is extracted. The apparent anomaly observed in the expansion 
of ice is explained on the hypothesis that the molecules of ice group 
themselves into crystals. Thus, while the molecules are more com- 
pactly arranged in the ice crystals than in the liquid water, the crystals 
themselves are separated by comparatively large spaces. Hence, the 
net effect of the crystalline grouping of the molecules is an increase 
instead of a diminishment of volume. 


214. The Behavior Of Metals When Changing From The 
Liquid To The Solid State will now be considered. Besides 
water, cast iron, antimony, and bismuth are, perhaps, the 
most common substances which increase in volume when 
freezing or solidifying. When molten cast iron freezes or 
solidifies in a foundry mold, it expands. However, cast iron 
contracts about 1 per cent. while cooling from its freezing 
point to ordinary temperature. Hence, it is often said that 
cast iron shrinks. Unless proper precautions are taken, this 
shrinkage may break a casting (Fig. 207). With other metals 
(Sec. 187) a contrary effect will be noted ; that is, they decrease 
in volume when solidifying. A few common examples of this 
latter class are mercury, gold, and silver. 


Nore.—Tue Expansive Souipirication Or Antimony AND Its Low 
Expansion Corrricient Renper It Userut As A TYPE-METAL 
INGREDIENT.—The sharp outlines 
requisite in printing type could Cope ..-»----Moldlingy Flosk----- 2.4, 
not be obtained if the cast metal i$ ..-* 
were to contract while solidifying. 4 
Ordinary type metal is an alloy of 
lead, antimony, and copper. The 
tendency of the antimony to ex- 
pand neutralizes the tendency of 
the other ingredients to contract. 
Thus the volume of the molded 
ee eontnues cope agcaring Fie. 207.—Shrinkage causes casting to 
transition from the molten to the Acie aiola: 


solid state. 
Notr.—Expansion Or Antimony Waite Cootine From THE Liquip 


To Tue Sour Srarz is due to a crystalline arrangement of the molecules 
similar to that which occurs (note subjoined to Sec. 213) in the freezing 
of water. 

Nore.—Tue Grapuation Marks On A PatreRnMAKeRS’ RULE ARE 
SpaceD Fartupr APART THAN ARE THOSE On AN ORDINARY STANDARD 
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Ruiz.—The increased spacing, on rules used in the making of patterns 
for iron castings, amounts to }¢ in. per ft. This is to insure that the 
patterns will be made enough larger, than the required castings, to com- 
pensate for shrinkage of the solid iron in cooling. 

Nore.—Tue Excesstve Contraction Or GoLp AND SirvER WHILE 
Cootine From Tue Liquip To Tue Soup State PREVENTS ACCURATE 
Castine Wits Turse Murats.—The shrinkage of the metal in the mold 
will invariably result in producing warped castings, with rounded and 
blunted edges and corners. Hence, as stated in Sec. 187, in the minting 
of gold and silver currency, the coins are stamped out of the solid metal 
with steel dies. 


215. Table Showing Approximate Lineal Shrinkage Of 
Castings And Forgings (From Marks’ Hanpsoox, page 294). 


Shrink- Multi- Shrink- Multi- 
Metal age Wee Metal age lier 
ratio P ratio P 

Bar iron, rolled.| 1:55 1.018, 2|| Iron, fine grained.) 1:72 |1.013,9 
Bell metal..... M65 LON 24 WEG ae cocecs odes 192) W010; 9 
Bismuth? -.5 1:265 | 1.003,8)| Steel, cast....... 1:50 |1.020,0 
Brass) +e ae 1:65 1.015,4|| Steel, puddled...| 1:72 |1.013,9 
Bronzeseeeeere 1:63 1.015 ,9|| Steel, wrought...| 1:64 |1.015,6 
Cast iron... 5: 1:96 L010), 4)) Vins acu. edec en a Ledee |) .0076S 
Gun metal....| 1:134 | 1.007,5|| Zine, cast....... LOZ ai OLO ne 


Exampie.—The shrinkage of a bell-metal casting, while the metal is 
cooling in the mold, amounts to 1 + 65 = 0.015,4 in. per inch of length 
of the final casting. Hence, the pattern for a bell-metal casting should be 
1.015,4 times as long as the required casting. 

Exampiy.—An iron casting is required to be 8 ft. long, 8 in. wide, and 
2 in. thick. What should be the dimensions of the mold? What will 
be the percentage of shrinkage in the casting? SorutTion.—The volume 
of the casting = (3 X 12) X 8 X 2 = 576 cu. in. By Table 215 each 
dimension must be multiplied by 1.010,4. Hence, the length of the mold 
= 3 X 1.010,4 = 3.031,2 ft., the width = 8 X 1.010,4 = 8.083,27in., and 
the depth = 2 X 1.0104 = 2.0208 in. Then, the volume of the mold = 
(3.0312 X 12) X 8.0832 X 2.0208 = 594.16 cu. in. Hence, the percent- 
age of shrinkage = [(594.16 — 576)/594.16] X 100 = 3.06 per cent. 


216. There Are Two Conditions Under Which A Solid May 
Expand Or Contract: (1) The expansion or contraction may 
be entirely wnopposed by counteracting forces. (2) The expan- 
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ston or contraction, or the tendency thereto, may be opposed or 
restrained in some manner by counteracting forces. Each of 
these conditions will be discussed in the following sections. 
Only unrestrained expansion and contraction 
have hitherto been considered. 

217. A Study Of The Phenomena Of 
Restrained Expansion And Contraction In- 
volves Consideration Of Stresses And Strains 
In Materials—When any substance, as a . 
metal wire, is subjected to a pulling force, 
the force tends to strain the substance by Aa. ee 
stretching or elongating it. Coincidentally, 
a stress, which tends to oppose deformation 
by the pulling force, develops within the 
substance. When any substance, as a mass 
of rubber, is subjected to a pressing force, the 
force tends to strain the substance by crowd- 
ing its particles closer together. In this case 
also, a stress, which resists the applied force, 
develops within the substance. So likewise, ee eres 
when any substance, as a boiler rivet, is sub- nit danediahta 
jected to the straining action of a shearing due to tension. 
force, a stress develops within the substance. 

When a substance is subjected (Fig. 208) to a pull or tension, 
the stress developed in the substance thereby is called a 
tensile stress. When a substance is subjected (Fig. 209) to 
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Fia. 209.—Stress due to compression. Fic. 210.—Showing a piece 
being sheared from boiler 
plate by rivet. 


pressure or compression, the stress developed in the substance 
thereby is called a compressive stress. When a substance is 
subjected (Figs. 210 and 211) to a shearing force, the stress 
developed thereby is called a shearing stress. Tensile, com- 
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pressive, and shearing stresses are usually expressed in terms 
of the forces which are applied to produce them, divided by 
the number of area units in the cross-section of the substance 
where it opposes the force. 


Examp.es.—lIf a wire of 0.1-sq. in. cross-section 
suspends a load of 1,600 lb., the tensile stress in the 
wire is 1,600 + 0.1 = 16,000 1b. per sq. in. Ifa steel 
bridge-rod, of 3-sq. in. cross-section, is subjected toa 
pull of 150,000 lb., the tensile stress in the rod is 
150,000 + 3 = 50,000 lb. per sq. in. If an iron column 
of 4-sq. in. cross-section supports a load of 4,000 Ibs; 
the compressive stress in the column is 4,000 + 4 = 
1,000 lb. per sq. in. 

Notre.—‘Srress” Anp ‘“Srrain”’ ARE Not 
Synonymous Terms. A stress, as explained above, 
is the internal opposing force which develops within 
a substance when an external force, tending to deform the sub- 
stance, is applied. A strain is the deformation, or charge of shape, of a 
substance within which a compressive or tensile stress has been developed 
by application of an external force. As noted above, a stress is measured 
by the intensity of the applied force and by the cross-sectional area 
of the substance which sustains the force. The corresponding (total) 
strain is expressed in terms of the change of dimension of the substance, 
in the line of direction of the applied force. Furthermore, since, under 
tensile or compressive stress, each inch (or foot) of length of the substance 
is changed by the same amount, the strain can be expressed as a decimal— 
it is then called the wnit strain or simply the strain—that is, the number 
of inches (or feet) that each inch (or foot) has been lengthened or 
shortened. 


ExaMPpLe.—lIf a metal wire, of 10-in. length, is elongated under a pull 
to a length of 10.1 in., the total strain in the wire is: 10.1 — 10 = 0.1 in. 
Then the unit strain = strain, in inches per inch of original length = 0.1 + 
10 = 0.01. 


Fig. 211.—Stress 
due to shear. 


218. Material Bodies Generally Tend To Resume Their 
Original Forms When Released From Forces Which Have 
Produced Strains In Them.—A rubber band may be stretched 
to a considerable length, but it will, apparently, instantly 
resume its original dimension when the stretching force is 
removed. Most materials, however, will not, when strained 
beyond certain limits, return entirely to their original shapes. 
In such cases the materials are said to have taken permanent 
set. Some materials acquire this condition under compara- 
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tively small loads. Others are permanently deformed only 
by application of very great loads. 

219. Strains Are, Within Certain Limits, Directly Propor- 
tional To The Stresses From Which They Result.—That is to 
say, there is, usually (below the elastic limit, Sec. 220) for 
each substance, a definite ratio between a stress produced in 
the substance and the resulting deformation or strain. This 
ratio is called the coefficient of elasticity of the substance. 
See Table 221 for values. In the notation used in this 
book, the coefficient or elasticity will be denoted by E. Hence 
the formula: 


stress lb. per sq. in. ; 
102 = ——_ = : lb. per sq. in. 
Cee) strain stretch per inch bs Ber ed ) 
Note.—‘‘ Mopuuus Or Exuasticiry’” Anp ‘‘Youna’s Mopuuvus”’ are 


synonymous terms for coefficient of elasticity. 

Exampie.—A steel rod, 20 in. long, when under a stress of 60,000 lb. 
per sq. in. stretches 0.04 in. What is the coefficient of elasticity of steel? 
SotutTion.—By For. (102): # = stress + strain = lb. per sq. in. + stretch 
per inch = 60,000 -+ (0.04 + 20) = 30,000,000 lb. per sq. in. 

Exampie.—A bridge member of 0.5-sq. in. cross-section and 40-ft. 
length, elongates 0.25 in. under a certain load. If H = 30,000,000 lb. 
per sq. in, what is the load? Soturion.—By a transposition of For. 
(102): Stress = E X strain = lb. per sq. in. = E X stretch per inch = 
30,000,000 X 0.25 + (12 X 40) = 15,625 Ib. per sq. in. Hence, the load 

= 15,625 X 0:5 = 7,813 1b. 

Exampie.—tThe tension in a steel telephone-wire, 100 ft. long, is 525 
lb. The cross-sectional area of the wire is 0.006,4 sq. in. H = 30,000,000 
lb. per sq. in. How much has the wire stretched? Soiurion.—By a 
transposition of For. 102: Strain = stress + E = stretch per inch = lb. 
per sq. in. + EH = (525 + 0.006,4) + 30,000,000 = 0.002,73 in. Hence, 
the wire has stretched 0.002,73 & 100 K 12 = 3.28 in. 

220. When A Material Body Is Stressed Beyond A Certain 
Value Or “Limit,” The Resulting Strain, Per Unit Of Load 
Increment, Becomes Greater Than Formerly.—The strain 
then ceases to be directly proportional to the stress (Sec. 219). 
When this limit is reached the ratio of the stress in the body 
to the strain or deformation of the body will be less than the 
similar ratio for stresses below this limit. The stress above 
which the strain ceases to be directly proportional to the 
stress, is called the elastic limit of the material. When a body 
is stressed beyond its elastic limit and the stress is then relieved 
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(by removing the force which produced the stress), the body 
will be found to have suffered a permanent deformation. 
Stresses below the elastic limit do not cause any permanent 
deformation, or “set.”? Hence, when a stress is permitted 
to exceed the elastic limit, the body ceases to be truly “elastic”’ 
—that is, it ceases to be capable of returning to its former 
dimensions. Hence, the term ‘elastic limit’’ is truly signifi- 
cant. (See the author’s Srzam Boruers for graphs and a 
more complete discussion.) 


Notre.—Tue “Uttimate Streneta” Or A Marsriar is found by 
dividing the maximum force, which the material sustains during a test 
carried on until rupture occurs, by the original cross-sectional area of the 
test piece at the point of the rupture. In actual practice, the cross- 
sectional area usually changes before rupture cccurs. Therefore, the 
maximum stress in the material may somewhat exceed the value of the 
“ultimate strength”? which is computed as indicated above. 


221. Table Showing Coefficients Of Elasticity For Different 
Materials. 


E E 
Materials lb. per Materials lb. per 
sq. in. sq. in. 

METALS Woops 
Alumina seas eae ee elke OOOF OOOR | RAS hhenreevary an arent 1,600 , 000 
Brass Casta cii ee OFO00CFO00F  Birehtencerraaaseree 1,300,000 
Brass wires.n non sce oe ke OOO OO 0M iO aiken ae reeerens 1,500,000 
Phosphor bronze....... 14 OOORO00s | Mteake re ee rperaseee 2,410,000 
Copper wires 165,000; 0005) Wiahnuthy ise ree 306 , 000 
Iron ecastamen ese ee 12,000,000 || Pine .| 1,900,000 
Tron, wrought..........| 27,000,000 ———— 
Lead d.cscrestrastaeer sauaetae peel OOOKO00 MIscELLANEOUS 
LN Casts saree cee ea ae OOO KOOO MI Slates eee .|14,000,000 
Steele. hat tacsa eee oe S0000 R000 RGlassi era ee as 8,000 , 000 


222. Expansion And Contraction Of Restrained Solids 


will now be considered. 


If the tendency of a body of solid 


material to expand or contract is restrained in some manner, a 
stress will develop within the body. The result of such 
restraint will be the same as though the body were stressed by 
an external force. The stress produced by restraint of the 
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tendency to expand or contract is exactly equal to the stress 
which would be set up in the body if it were, by some outside 
force, either elongated or compressed the amount which it 
tends to expand or contract. 


EXPLANATION.—Suppose a piece of copper is held tightly in a vise and 
is heated by means of a torch. Due to its absorption of the heat, the 
copper tends to expand, say, 0.01-in. But the clamping action of the 
jaws of the vise counteracts this tendency. Then the resultant condi- 
tion within the piece of copper is the same as though the copper had 
first been heated and had then been squeezed or compressed 0.01 in. by a 
further tightening of the vise. By preventing the copper from respond- 
ing to the expansion tendency produced by the heat, a compression 
stress, equal to that which would have been produced by compressing the 
copper 0.01 in., has been developed within the copper bar. 

Note.—Tue Inruurncre Or Externat lorces In Hinperina FREE 
Expansion Anpd Contraction Or SrructuraL Mrmerers DEMANDS 
Ciosz ATTENTION.—£erious accidents may result from ignoring it. 
Bridge members may fail; see Figs. 180 and 181 for expansion joints. 
Dangerous stresses may be set up in steam boilers. Pavements may 
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pipe to expand. pressure steam line. 


becume distorted, or may even explode. Long pipe-coil radiat-rs may 
buckle and leak and fittings in steam-piping systems may be strained and 
broken, unless proper arrangements which allow for expansion (Figs. 212 
and 213) are provided. 


223. When The Expansion Or Contraction Tendency Of 
A Solid Is Restrained Or Counteracted, A Strain Practically 
Proportional To The Coefficient Of Expansion Of The Material 
And To The Temperature Change Is Produced.—The piece 
of copper in the above explanation (Sec. 222) is compressed 
exactly the same amount that it would have expanded had it 
been free to do so. Hence, if the coefficients of expansion and 
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elasticity of the material are known, and the temperature- 
change is observed, the stress, due to restrained expansion or 
contraction, in a solid may be calculated. 


ExpLANATION.—By referring to Fig. 197, it is evident that the expan- 
sion of an unconstrained bar of original length Li, is Liez7’, and its length 
after heating is Li(1 + ez7). If, now, the bar is compressed to its 
original length, this expansion length (Lye,T) will be the amount of the 
total strain. Hence the unit strain will be: (éotal strain) + (length before 
straining) = LiepT + Li + eT) = eT + (1 + exT). 

Now, the expansion coefficient ez is so small that the term erT seldom 
even approaches 1 per cent. Hence, it is ordinarily sufficient to say that 
the unit strain = e,T + 1 = eT, which is very nearly true. 

Therefore, the strain is, as previously explained, practically propor- 
tional to the coefficient of expansion and the temperature change. 
Hence, the following equation may be written: 


lb. per sq. in. stress _ 1b. per sq. in. stress 
unit strain erT 


(103) 


Wherein: e, = coefficient of lineal expansion = expansion or contrac- 
tion, in inches, per inch original length of body per degree Fahrenheit 
change in temperature. 7 = temperature change, in degrees Fahren- 
heit. But the first member of this equation gives (Sec. 219) the coeffi- 
cient of elasticity. That is: 


lb. per sq. in. stress 
: : = 1 
unit strain 


Hence, substituting (104) in (103): 


b. - Mn. 
(105) E= ibe pee ae SUES (Ib. per sq. in.) 


(104) 


(Ib. per sq. in.) 


Transposing (105) there results: 
(106) lb. per sq. in. stress = HerT (lb. per sq. in.) 


Or, expressing the stress in terms of the equivalent restraining force, 
in pounds, and transposing, there results the following formula: 


(107) BE = BerlA (pounds) 


Wherein: F = the restraining force, in pounds. A = the cross-sec- 
tional area, in square inches, which offers resistance to the force. 

Exampie.—In the explanation subjoined to Sec. 222, what compres- 
sive-force is exerted by the vise-jaws if the temperature of the copper is 
raised 200° F.? 

SotutTron.—For copper, ez = 0.000,009,3 and H = 16,500,000 lb. per 
sq. in. By For. (106), stress = HezT = 16,500,000 X 0.000,009,3 x 
200 = 30,690 lb. per sq. in. 

ExaMpLE.—The joints of the steel rails in a street-car track are 
welded for a distance of 1,320 ft. The job is done on a summer day. 
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The temperature of the weather drops 35° F. during the following 
night. (1) What is the resulting tension in the rails if the ends cannot 
give? (2) How many inches will the track shorten if the ends are left 
free? Soxtution.—For steel, ez = 0.000,006,5 and HH = 30,000,000 
lb. per sq. in. (1) By For. (106), stress = He,T = 30,000,000 X 
0.000,006,5 X 35 = 6,825 lb. per sq. in. (2) By For. (94), 1 = LiesT = 
1,320 X 12 X 0.000,006,5 & 35 = 3.6 in. 


QUESTIONS ON DIVISION 7 


1. Give some examples of materials expanding in length. 
2. Give examples of peculiar constructions designed to allow for expansion. 
3. What is a coefficient of lineal expansion? How may it be used? 
4. State the formula for computing the length of a bar of material that has been 
heated a given amount. 
5. What is areal expansion? 
6. State and explain the formula for computing the area of a sheet of material that 
has been heated. Does this formula give an exact value? Why? 
7. State and explain the formula for computing cubical expansion. Does this 
formula give an exact value? Why? 
8. What is a tensile stress? A compressive stress? 
9. In what units are tensile and compressive stresses expressed? 
10. What is shearing stress? 
11. What is meant by stress? Strain? 
12. What is meant by the coefficient of elasticity of a material? 
13. What is meant by permanent set? 
14. State and explain the uses of coefficients of elasticity in computations relating to 
structural materials. 
15. Why are openings left between the ends of the rails of railroad tracks? Why is 
tar placed in the joints of cement pavements? 
16. If a metal body is so confined that it cannot expand, what is the result when it 
is heated? ; 
17. Why should water in glass jars not be left out of doors in winter? 
18. Why are the water-barrels which are placed on railroad bridges, for protection 
against fire, filled with salt-water? 
19. State and explain the formula for computing the stress set up in a body wherein 
expansion or contraction is restrained. 
20. Do the molecules of freezing water obey the general law which governs molecular 
action in substances from which heat is withdrawn? What is this law? 
21. Why does ice float on water? 
22. How do ice formations act to prevent lakes and rivers in cold latitudes from 
freezing to the bottom? 
23. What causes the water to circulate in a hot-water heating system? 
24, Why is antimony used in type metal? 
25. Why would it be difficult to heat water if no convection currents were set up in 
the mass of water? 
26. Why is it difficult to determine the coefficients of expansion of liquids? 
27. Is the coefficient of expansion constant for each liquid? 
28. Is there any difference in the cubical expansion of a liquid as compared with that 
of a solid? 
29. What may happen if heat is applied to a vessel which encloses a liquid? 
30. How is the shrinkage of iron castings compensated for in making the molds? 
31. Are liquids compressible? What would be the probable effect of freezing water 
jn a glass jar, if water were highly compressible? 
32. When a boiler is cold, the water stands at a certain height in the gage glass. 
When the boiler is fired up, the water gradually rises to a higher level Why? 
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PROBLEMS ON DIVISION 7 


1. A brass test-rod (A, Fig. 195) is 26.1 in. long at a temperature of 40°F. Howlong 
will it be when heated to 212° F.? What distance will the pointer move over the 
scale? 

2. If a glass test-rod (A, Fig. 195) is inserted in the steam tube, what will be the 
expansion for the same temperature conditions as in Prob. 1? 

3 A steel girder bridge (Fig. 180) is 98 ft. long. What distance will the movable 
shoe travel on the rollers when the temperature of the weather changes from 30° below 
0° F. to 110° above 0° F.? 

4. In bridge construction it is customary, if the length of the bridge is less than 50 
ft., to fasten both ends rigidly. How much would a 50-ft. steel bridge, so secured, tend 
to expand lengthwise for each degree rise of temperature? If the bridge were set on piers, 
what would be the effect of this expansion tendency? 

5. A long pipe line contains a series of expansion joints (Fig. 212). The joints are 
spaced 300 ft. apart. The line is designed to convey steam at a temperature of 300° F. 
It is erected in an atmospheric temperature of 50° F. In the adjustment of the joints, 
what should be the least distance, X, to allow for slip as the line expands? 

6. A strip of concrete pavement is to be 30 ft. wide. It is to contain a series of 
expansion joints spaced at 100-ft. intervals. A temperature range of 100° F. is expected. 
Each expansion joint is to be 5 times as long as the maximum amount of lineal expansion 
occurring in each 100-ft. section of the pavement. What should be the length of each 
joint? How much will the surface area of a 100-ft. strip of pavement be increased by 
the expansion due to the anticipated range of temperature? 

7. A concrete beam, reinforced with steel rods, is subjected to a bending load. A 
compressive stress is thus set up in one side of the beam while a tensile stress is set up in 
the opposite side. The tension is taken by the reinforcing rods. The coefficient of 
elasticity of the steel is 28,000,000 lb. per sq. in. If the rods are strained 0.000,1 in. 
per ft., what is the stress in them? 

8. A bar of material is 0.3 sq. in. in cross-section and is 10 in. long. It elongates 
0.002 in. when a load of 1,500 lb. is applied. Find the coefficient of elasticity. 

9. A steel column is 12 sq. in. in cross-section and is 16 in. long It supports a load 
of 200,000 Ib. How much is it compressed? 

10. A line of steam pipe’is 375 ft. long. Steel pipe having a coefficient of expansion 
of 0.000,006,3 is used. The cross-sectional area of the pipe is 2.5 sq. in. How much 
will the line expand under a temperature increase of 350° F.?_ If the line were so secured 
that it could neither stretch nor buckle under the increase of temperature, what force 
would be set up in it? 

11. What is the amount of lineal expansion in a set of steel boiler tubes, 20 ft. long, 
when their temperature is raised from 50° F. to 600° F.? The area of cross-section of 
each tube is 1 sq. in. If cold water could be run into one of the tubes, thus cooling it 
to 200° F. while it is held rigidly at both ends and while the others remain at 600° F., 
what would be the probable stress set up in the cooled tube? 

12, A hot-water heating system contains 500 gal. of water. The coefficient of expan- 
sion of water is 0.000,1. The water is heated from 50° F. to 210° F. If the boiler, pipes, 
and radiators of the system do not expand, what quantity of water will rise into the 
expansion tank? 


DIVISION 8 
HEAT PHENOMENA OF GASES 


224. Heat Phenomena Of Gases (see note below) are of 

great practical importance because of their application to the 
various heat engines and heat processes with which the 
engineer must deal. While the laws, which will be given and 
explained in this division, will not in all cases apply directly 
to actual heat engines, the fundamental ideas which underlie 
them do apply. Hence, an understanding of these laws is 
essential. Before proceeding, however, the reader should 
review the matter in Secs. 96 to 108 on the molecular theory of 
gases. 
225. A Gas Is Any Substance In The Gaseous State Which 
Closely Follows The General Gas Law.—The general gas law 
is stated and explained in following Sec. 249; for the present 
it need not be further considered. All gaseous substances as 
they depart further from the temperature and pressure condi- 
tions necessary to effect their liquefaction obey more closely 
this general gas law. Gaseous substances which are at or near 
their liquefaction conditions are called vapors and do not 
even approximately obey this general gas law. Hence it is 
apparent that it is the degree of departure of the conditions, 
under which a gaseous-state substance is existing, from its 
liquid-state conditions that determines whether it is a gas or a 
vapor. See note below. 

Notr.—Tue Distinction Between A Gas Anp A Vapor Is OnE OF 
DercreEE.—The early scientists gave the name ‘‘permanent gas” to such 
gaseous substances as they believed could not be liquefied—as, for 
example, air, hydrogen, oxygen, and nitrogen. More recent investiga- 
tions have shown, however, that all of these substances can be liquefied 
when cooled to very low temperatures. Such substances, as water and 
ammonia, which need not be cooled to very low temperature, to be 
liquefied, were, by the earlier scientists, called vapors when in the gaseous 
state. These terms—‘“‘vapor” and ‘“‘gas’’—have been preserved, but 


their modern meanings are quite different from theirformer meanings, 
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Any substance, at least theoretically, may exist (in the gaseous state) as 
either a vapor or a gas. Vapors are further discussed in Div. 11. Since 
it is really the ‘‘nearness” of a gaseous substance to the liquid state that 
determines whether it is a vapor or a gas, it is obvious that there cannot 
be any rigid line of demarcation between the two. The transition from 
the vapor form to the gas form, or vice versa is not abrupt—it is gradual. 

A vapor has been defined by some physicists as a substance in its 
gaseous state below its certical temperature (Sec. 349); and a gas as a 
substance in its gaseous state above its certical temperature. But these 
definitions are not, apparently, in accord with those of the best modern 
authorities. 

226. The Laws Which Will Be Treated In This Division 
Apply With Absolute Accuracy Only To A Hypothetical 
“Derfect”? Or “Ideal” Gas.—A perfect gas is one which, when 
heated or cooled, absorbs or gives up no disgregation heat (Sec. 
258). No gas, so investigation shows, is, in this sense, a 
perfect gas. But many gases (air, oxygen, hydrogen, 
nitrogen and the like) are so nearly “perfect”’ that the errors, 
which will result from considering them as perfect in engineer- 
ing computations, will be inconsequential. Vapors (Div. 11) 
on the other hand (such as slightly superheated or saturated 
steam, ammonia, carbon dioxide and sulphur dioxide) have 
characteristic properties such that the perfect-gas laws do not 
apply accurately to them. 

Nots.—In Drawing Wits Vapors, it is ordinarily necessary to use 
values which are taken from tables, as for example Steam Table 394. 
Such values are experimentally-determined ones. Steam and other 
vapors are treated in Div. 11. 


227. The “Condition” Of a Gas—this is a technical term 
which is difficult to define—is determined by: (1) The kind of 
gas; that is, its chemical composition. (2) The weight of the gas. 
(3) Its pressure. (4) Its volume. (5) Its temperature. As will 
be shown, for a given gas, any three of the last four of the 
above items determine the unknown properties. Whenever 
any of these properties of a gas are altered, the gas is said to 
undergo a change in condition or a condition change. It will be 
shown in this division, how changes in one or more of the above 
properties of a gas affect its remaining properties. It will 
also be shown how condition changes are affected by heat 
transfer and external work. 
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ExampLe.—If a quantity of a gas (Sec. 225) such as air, hydrogen or 
nitrogen is compressed (Fig. 214) in a closed vessel, its volume will 
(as the impressed pressure is increased) readily decrease (Fig. 215), in 
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Fie, 214.—Illustrating the com- Fie, 215.—Illustrating the effect 
pression of a gas. As the weights of increased compression due to 
1 and 2 are placed on the rod, the addition of third weight. 


gas is compressed, 


proportion to the applied pressure. Or, if the pressure is decreased 
(Fig. 216), the body of gas will expand correspondingly and fill the 
larger space. In compressing the gas (Fig. 215), the falling weight does 
external work on it. All of this work (assuming a frictionless piston and 
no loss of heat) is converted into heat in the compressed gas. Thereby 
the temperature of the gas is increased. When the gas is permitted to 
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Fie. 216.— Illustrating the effect of Fig. 217.— Illustrating increase 
diminished compression due to re- of pressure by heating. (Compare 
moving weight. with Fig. 214.) 


expand (Fig. 216), it does work in raising the weight. Its heat content 
and temperature are thereby decreased accordingly. 

Now, if heat be applied to the vessel (Fig. 217) and the piston is 
restrained by yoke, Y, from upward movement, the pressure exerted by 
the gas will increase. The added heat (energy) causes an increase in 
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the molecular vibration (Sec. 52) which produces the increased pressure. 
If (Fig. 218) there is no restraining yoke, the pressure of the gas must, 
as it is heated, remain constant (until P is pushed from the cylinder) but 
the volume of the gas will increase: Obviously, heat energy derived from 
the torch flame (Fig. 218) is converted into 
mechanical energy which does work in raising 
the weights. 

Constant The above-described—and other—gas-con- 
[> "re, dition changes occur in conformity with certain 
definite laws. It is proposed to consider these 
laws in succeeding sections. 
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228. Physical Gas Phenomena Will 
First Be Considered Without Reference 
To Energy Or Work Transfer Or 

Wr Changes. That is, before proceeding 
Bech a wick with the energy relations for gas expan- 

Fic, 218.—lIllustrating sion and contraction, the following laws 
ae oan me and subjects will be discussed: (1) Boyle’s 
Fig. 214.) law, Sec. 230. (2) Charles’ law, Sec. 237. 

(3) Gay-Lussac’s law, Sec. 240. (4) 
General gas law, Sec. 248. (5) Gas densities, Sec. 253. (6) 
Draft produced by differences in gas density, Sec. 256. It is 
desirable that these laws and subjects be thoroughly under- 
stood before the reader studies the energy and work relations 
which apply in the expansion and contraction of gases. 

229. Certain Laws Which Follow Relate To Changes 
Wherein Some Property Such As Temperature, Volume Or 
Pressure Remains “Constant.”—This does not mean that 
necessarily the property must actually remain the same during 
the whole while that the change is occurring in order that the 
law may apply. The laws will apply not only when the 
‘constant’? condition is not varied while the change is occur- 
ring but they will also apply when after a change, the ‘‘con- 
stant’’ property is restored to its original value. 


ExaMpLE.—Boyle’s law which follows applies only when the gas 
temperature is maintained “‘constant.” But the law is effective in 
computing the volume or pressure for a second condition if the volume 
and pressure for the first condition are known, provided the gas tem- 
perature for the second condition is restored to its original value, although 
gas temperature changes may have occurred in the meantime. 
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230. Boyle’s Law, first stated by the Irish physicist, Robert 
Boyle, who discovered it experimentally, is: If the temperature 
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Fia. 219.—Boyle’s law—temperature of a given weight of gas kept constant—pressure 


varies inversely as the volume. 
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Fie. 220.—Gas expansion in accord- 
ance with Boyle’s law. (Temperature 
maintained constant through heating 
effect of water jacket.) 


(Running water maintains gas temperature constant.) 
In IT the volume is twice that of J hence 


Isothermal Compression Graph. 
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Fig. 221—Gas compression in ac- 
cordance with Boyle’s law. (Constant 
temperature maintained through cool- 
ing effect of jacket-water.) 


of a given weight of gas 1s kept constant (Fig. 219), the absolute 
pressure of the gas will vary inversely as its volume; conversely, 


192 PRACTICAL HEAT [Drv. 8 


the volume will vary inversely as the absolute pressure. Note 
particularly that this law applies only when the gas tem- 
perature is maintained constant (see Sec. 229). That is, it 
applies only for isothermal (constant temperature) changes 
(Sec. 271). The law means (Figs. 220 and 221) that with a 
given weight of gas, if the volume of the gas is doubled. its 
absolute pressure will be halved, if its volume is tripled, its 
absolute pressure will then be one third of the original pressure, 
and so on. 

231. The Problems To Which Boyle’s Law May Be Applied 
are those wherein the volume of a given weight of a gas at a 
certain pressure is known and it is desired to compute the 
volume of the gas at a different pressure, or the pressure exerted 
by the gas when it occupies a different volume, the gas tem- 
perature being the same for the second condition as for the 
first. In practice, it is regarded more convenient by some 
persons to apply the general gas law of For. (145) for the solu- 
tion of these problems. 

232. The Boyle’s-law Formula, which follows directly 
from the verbal statement of the law, is: 


(108) -y (ratio) 


Wherein: P; and Py, = respectively, the initial and final 
absolute pressures of any given weight of gas at a constant 
temperature (Sec. 229) in any pressure unit whatsoever, but 
both must be in the same unit. Vand V2 = respectively, the 
initial and final volumes of the gas, in any volume unit whatso- 
ever, but both must be in the same unit. 


Norre.—It Is Important To Nore Tuat In Any PrRoptem WHuiIcH 
Invotves Intr1an AnD Finan Conpirions Or Gasss, Erramr Conpr- 
tion May Br ConsippreD Tue InttT1AL AND Erraer Tun Finat Con- 
DITION.—Thus, in applying Boyle’s law, if there is a known value for 
P», and P, is desired, then P: may be considered the initial and P, the 
final pressure. The same numeral subscript always refers to one set of 
conditions existing at the same time and must not be confused. That 
is, P, always refers to the pressure at a volume of V2 and a temperature 
(see following sections) of 72. All the gas changes considered in this 
division, however, are reversible (Sec. 154) and may be thought of as 
taking place in either direction. 
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Notr.—TRANSPOSED Forms Or Boyin’s Law, which are useful in 
solving problems, are here given: 


P 
(109) = 1 (final absolute pressure) 
(110) Ver= ae (final volume) 
2 


Wherein all symbols have the same meanings as stated under For. (108). 
Exampire.—A certain weight of gas is compressed into a steel cylinder 
of a volume of 0.2 cu. ft. (Vi, Fig. 222) and then exerts a pressure of 
cas cits Fe Bone VES ate 70.2 CuFr.at 200 Lb. Per Sy.tn Press. Abs. 
be the volume of this gas at atmos- {Cylinder OF Compressed Gas 
pheric pressure (0 lb. per sq. in. oy (ales pi Hone-Wheel 
gage) when the temperature in V2 
is the original temperature in V,? " 
Sotution.—By For. (110), V2 = + 
Vi/P2 = (200 + 14.7) X 0.2 + \) 
(0 + 14.7) = 2.92 cu. ft. (( 
Exampie.—A certain gas con- 
tainer has in it 54,300 cu. ft. of a 
gas when the barometer registers 
29.12 in. of mercury column. Only 
atmospheric pressure is imposed on 
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Fie, 222.—Certain weight of a gas, 


the gas in the container. Without 
leakage and without temperature 
change, it is found that the volume 
of the gas in the container increases 
to 54,650 cu. ft. What is the 


compressed to a volume, Vi, of 0,2 cu. 
ft. at 200 lb. per sq. in. gage pressure. 
What will be its volume, V2, at atmos- 
pheric pressure? Temperature remains 
constant. 


barometric pressure for the larger volume? SoLuTion.—Barometers 


measure absolute pressures. 


Substitute in For. (109): Pz = PiVi/V2 = 


29.12 54,300 + 54,650 = 28.93 in. mercury column. 


233. For A Given Weight Of Gas At A Constant Tempera- 
ture, The Product Of The Absolute Pressure And The Volume 
Will Be Constant regardless of the pressure and corresponding 
volume and vice versa. This is therefore the governing 
relationship for isothermal changes (Sec. 271). This is merely 
another statement of Boyle’s law because by transposing For. 
(108), there results: 


(111) PiVi = P2V2 = P3V3 ete (a constant) 
or this may be written: 
(112) PV = (a constant) 


ExpLaNatTion.—A cylinder (Fig. 223) with a movable piston head, 
P, contains 2 cn. ft. of gas at an absolute pressure of 30 lb. per sq. in. 
13 
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For this condition, pressure X volume = PV = 30 X 2 = 60. Now 
weights, W (Fig. 224), are added to the movable head until the volume 
of the gas is compressed to 1 cu. ft. (The cylinder is so surrounded with 
running water that it carries away the heat generated by the compression 
and maintains the temperature of G constant.) By the addition of the 
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Fic. 223.—Illustrating Boyle's law, Fig, 224.—Illustrating Boyle’s law, 1 cu. 
2 cu. ft., at 30 lb. per sq. in. abs. ft. at 6 lb. per sq. in. abs. pressure. 
pressure. 


weights the pressure will be increased to (For. 109) 60 1b. per sq. in. abs. 
But PV = 1 X 60 = 60 as before. For any other pressure and volume, 
their product would be 60. Furthermore, it will be noted from Figs. 220 
and 221, that the product of P and V for any point on either of these 
Boyle’s-law graphs is a constant. Thus: 14 X 1 = 14; 7X2 = 14; 
2.85 = 1451.4 X 10 = 14;1 X 14 = 14. It obviously follows then 
that: 

(113) PAVig= lho Viste Visa ee ,etc. =k (a constant) 


which is the statement of I’or. (112) above. 


234. The Pressure-temperature Changes At Constant Vol- 
ume for a given weight of any certain gas were early investigated 
(see note under Sec. 237) and found to follow a general law 
(to be here called Charles’ law): If a given weight of any gas 
ts confined in a fixed volume and its pressure ts measured while 
the gas is at 32° F., it will be found that its absolute pressure will 
increase V4go for each 1° F. that its temperature ts increased 
—or, its absolute pressure will decrease 490 for each 1° F. 
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that its temperature is decreased. This relation may be written 
as a formula, thus: 


(114) Pr = Px[1+4o2(T — 32)] (abs. pressure) 
or, expressing “‘1492” as a decimal: 
(115) Pr = P3{1 + 0.002,033 (7 — 32)] (abs. pressure) 


Wherein: P 7= the absolute pressure of a gas, in any unit of 
pressure, at a certain temperature, 7’, and in a certain volume 
V. Ps: = the absolute pressure of the same gas, in the same 
units as Py is measured, when in the same volume, V, and at 
32° F. TJ =the temperature of the gas when exerting the 
pressure, P;, in degrees Fahrenheit. 


Exampuy.—A certain weight of gas, when confined in a closed container 
at 32° F., exerts a pressure of 100 lb. per sq. in. abs. Now at 38° F. 
and in the same volume, its pressure will be 492 X 100 = 0.203,3 lb. per 
sq. In. greater than at 32° F. Furthermore, at 42° F. its pressure will be 
10 X 0.203,3 = 2.033 lb. per sq. in. greater than at 32°F. These same 
results may have been found by using For. (115), thus: At 33° F., 
Pr = Ps{l + 0.002,033(7 — 32)] = 100[1 + 0.002,033(33 — 32)] = 
100(1 + 0.002,033) = 100.2038,3 lb. per sq. in. abs. Likewise at 42° F., 
Pr = 100[1 + 0.002,033(42 — 32) = 100(1 + 0.020,33) = 102.033 lb. 
per sq: in. abs. 

Examp.te.—A cubic foot of air at 32° F. is under pressure of 300 
Ib. per sq. in. abs. What would be the pressure if the air were cooled 
in the same volume to 0° F.? Soturion.—By For. (115), Pr = P3[1 + 
0.002,033(7 — 32) = 300[1 + 0.002,033(0 — 32)] = 300 (1 — 0.065) = 
280.5 lb. per sq. in. abs. 


235. The Volume-temperature Changes At Constant Pres- 
sure for a given weight of any gas were also investigated (see 
note under Sec. 237) and found to follow a similar law to that 
given in the preceding section. The law governing the volume- 
temperature changes at constant pressure for a given weight of 
a gas is to be here called Gay Lussac’s law: If a given weight 
of any gas be so confined that its volume and temperature can be 
varied while its pressure remains constant, it 1s found that the 
volume increases 1492 of the volume at 32° F. for each 1° F. 
increase in .tts temperature; likewise the volume of the gas 
decreases 1499 of its volume at 32° F. for every 1° F. decrease in 
temperature. This relation may be written as a formula, thus: 


(116) Vr = Vall + Mage (T — 82)] (volume) 
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or, expressing “1/492” as a decimal: 
(117) Vr = Vall + 0.002,033(T — 32)] (volume) 


Wherein: Vr = the volume of a given weight of gas (in any 
unit) at a certain temperature, 7, and pressure P. V32 = the 
volume of the same gas when at 32° F. and under the same 
pressure P. J = the temperature, in degrees Fahrenheit, 
at which the gas occupies the volume Vr. 

ExaMPpLe.—lIf at 32° F. and at atmospheric pressure a certain weight 
of a gas occupies 2 cu. ft., what volume will that same gas occupy at 
50° F., at 800° F., and at —20° F., the pressure being in each case that of 
the atmosphere? Sorution.—By For. (117), Vr = Vza[1 + 0.002,033 
(T — 32)]. Hence, at 50° F., Vr = 2[1 + 0.002,033(50 — 32)] = 
2(1 + 0.036,6) = 2.073,2 cu. ft. At 800° F., Vr = 2[1 + 0.002,033 
(800 — 32)] = 2(1 + 1.561) = 5.132 cu. ft. At —20° F., Vr = 2[1 + 
9.002,033(—20 — 32)] = 2(1 — 0.105,7) = 1.788,6 cu. fet. 

236. Our Notion Or Concept Of Absolute Temperature is 
based on the laws of Charles and Gay Lussac, as given in Secs. 
234 and 235. If an attempt is made, by using For. (114), to 
tind the pressure exerted by any gas at the temperature of 
—460° F., it is evident that the resulting pressure is zero. 
Likewise, cooling a gas at constant pressure to —460° F., 
will, by For. (116), reduce its volume to zero. Hence, if any 
(perfect) gas followed these laws exactly and if it were possible 
to cool the gas gradually to a lower and lower temperature, it 
would be found that, at —460° F., the gas would occupy no 
volume and would exert no pressure on the wall of its con- 
taining vessel. Therefore, it is logical to assume that no 
lower temperature than —460° F. can ever be attained for, 
if a lower temperature could be attained, then the volume of a 
gas would, by For. (116), become negative—which is incon- 
ceivable. Hence, —460 F. is called the absolute zero of tem- 
perature and temperatures measured from —460° F. as a 
starting or datum point are called absolute temperature (see 
also Sec. 61). Asa formula: 


(118) T = T + 460 (deg. fahr. abs.) 
or, transposing: E 
(119) T =T — 460 (deg. fahr.) 


Wherein: T = the temperature of any body, in degrees 


Suc. 237] 


Fahrenheit on the absolute scale. 
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T = the temperature of the 


body in degrees Fahrenheit on the Fahrenheit scale. 


EXAMPLE.—See examples under Sec. 62. 
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Fig, 225.—lllustrating Charles’ law. With a constant volume of a given weight of 


gas, the absolute pressure varies as the absolute temperature. 


(See following graph 


for points corresponding to J, IJ, and III above.) 


237. Charles’ Law may be 
stated thus: If the volume of 
a given weight of gas (Fig. 
225) is kept constant, the 
absolute pressure will vary 
directly as the absolute temper- 
ature of the gas. Note par- 
ticularly that this law applies 
only when the volume of the 
gas is maintained constant 
(see Sec. 229). That is, 
applies only for <«sometric 
(constant volume) changes 
(Sec. 269). This law means 
that, with the volume held 
-constant, if the absolute tem- 
perature of a given weight of 
a gasis doubled, its absolute 
pressure will be doubled; if 
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Fic. 226.—Graph illustrating Charles’ 
law. Shows variations of pressure with 
temperature, of any given weight of a 
perfect gas, which is maintained at con- 
stant volume and which exerts a pressure of 
10 lb. per sq. ft. at 32° F. 


its absolute temperature is tripled, its absolute pressure will 


be tripled and so on. 


ature halves the pressure, etc. 


Likewise, halving the absolute temper- 


Figure 226 illustrates this 
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fact graphically. See Sec. 239 for proof that the above 
statements are the same as those of Sec. 234. 


Nors.—CuariEs’ Law As Just Asove Statep Is Aso SOMETIMES 
CauLEp Datron’s Law or Gay Lussac’s Law. (This should not be 
confused with Dalton’s laws of mixed-gas partial pressures Sec. 306, 
which is an entirely different thing.) ‘Dalton in 1801 first published 
the law. Gay Lussac, independently of Dalton, published the law in 
1802. In his publication, Gay Lussac states that Charles in 1787 had 
noted the law but had never published it.”’ (Stone’s ExpERIMENTAL 
Puysics, p. 92, Ginn & Co., 1897). The above ‘Charles’ law”’ and the 
following ‘‘Gay Lussac’s law” are together often referred to variously 
by different writers as either Charles’ law or Gay Lussac’s law. But for 
the purposes of this book, it is deemed wiser to adopt the nomenclature 
which is indicated. 


238. The Problems To Which Charles’ Law May Be 
Applied are those wherein the pressure of a given weight of 
gas, which is maintained at a constant volume, is known for a 
certain temperature and it is desired to compute either the 
pressure exerted by the gas at a different temperature or the 
temperature necessary to produce a different pressure. In 
practice, it is regarded as more convenient, by some people, to 
apply the general gas law, For. (145), for solving these problems. 

Notr.—Tur Onuty Cuances To Wuicw CuHariss’ Law APppPLiEs 
Are Txosge Wuicu ArEe Causep By Tue AppitTion Or SuBTRACTION OF 
Heat, whereby the gas temperature is varied. The law cannot, since it 
is true only for a given weight of gas at constant volume, hold for changes 
caused by adding or subtracting gas or by compressing or expanding it. 

239. The Charles’-law Formula which expresses the rela- 
tionship as given in the statement of the law (Sec. 237) is: 

iB 1 Ti 


(120) ia (ratio) 
or, 
(121) P. Es (final pressure) 
or, 
(122) T, = 1 (final temperature) 


Wherein: P; and P; = respectively the initial and final abso- 
lute pressures of any given weight of gas at constant volume, 
which may be expressed in any pressure unit but boht must 
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be expressed in the same unit. T; and T, = respectively 
the initial and final absolute temperatures of the gas expressed 
in any temperature unit provided both are expressed in the 
same unit. 


Derivation.—By For. (114): Pr = Ps[l + %92(T — 32)]. By For. 
(119): 7 = T — 460. Now, substituting for 7 in For. (114), there 
results: 


(123) Pr= Pr{t Hil 793| (F — 460) — 32| | 
Simplifying, there results: 

(124) Pr= Pal 1 if im ae 492) | 

(125) ie! Pal a i w oA 

(126) Pr= Pull 2% = = 1| 

(127) Pr = P32. X a 

(128) a= 


Now, 32° F. = 492° F. abs. Hence, by using the symbols of For. (120), 
For. (128) becomes: 


Jey A 
(129) ete 
which is the same as For. (120). 

ExampLe.—lIf the pressure of a certain weight of gas, the volume of 
which is maintained const nt, is 100 lb. per sq. in. absolute and its 
temperature is 300° F. abs.. what increase in temperature is necessary 
to increase the pressure exerted by this weight of gas to 150 lb. per sq. in. 
abs.? So.iutTion.—By For. (122), T2 = TiP./P; = 300 X 150 + 100 = 
450° F. abs. This represents a temperature increase of 450 — 300 = 
150° F. 

EXAMPLE.—The gage on an airtight compressed-air tank (constant 
volume) registers 115 lb. per sq. in. The air in it has been heated by 
compression to 150° F. What will the gage register when the air cools 
down to 70° F.? Soturion.—By For. (121), P2 = PiT2/T; = (115 + 
14.7) X (70 + 460) + (150 + 460) = 112.7 lb. per sq. in. abs.; or 112.7 — 
14.7 = 98.0 lb. per sq. in. gage. 

Exampip.—Say that 200 lb. per sq. in. is considered a safe gage 
pressure for a certain gas-storage tank (constant volume). Gas is 
pumped into the tank at a temperature of 49° F. until the pressure 
in the tank is 175 lb. per sq. in. gage. If the valves are all closed when 
the tank is full of gas in this condition, what will be the highest safe 
temperature to which the tank may be subjected? SoLution.—By 


200 


For. (122), 
1457) = 5 Oa Hi abs: 20 
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(tis 
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Fig. 227.—Air confined 
under constant pressure. 
(Since the weight of the 
perfectly-fitting frictionless 
piston plug and that of 
atmospheric pressure if 
any, are constant, the 
pressure imposed on and 
hence exerted by the air 
must be constant.) 


perature is tripled, 
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T. = T.P2/Pi = (49 + 460) X (200 + 14.7) + (175 + 


r 576 — 460 = 116° F. 

240. Gay Lussac’s Law may be stated 
thus: (Fig. 227): If the absolute pressure 
of (imposed on) a gwen weight of any gas 
ts kept constant, tts volume will vary 
directly as the absolute temperature of the 
gas. Note the similarity between this 
and Charles’ law of Sec. 237; with 
Charles’ law the volume is kept constant 
and the pressure varies while with Gay 
Lussac’s law the pressure is kept con- 
stant and the volume varies. Also note 
particularly that Gay Lussac’s law 
applies only when the pressure of, that 
is the pressure imposed on, the gas is 
maintained constant. That is, Gay 
Lussac’s law applies only for 7zsobaric 
(constant-pressure) changes (Sec. 270). 
This law means (Figs. 228 and 229) 
that, with the pressure held constant, 
if the absolute temperature of a given 
weight of gas is doubled, its volume 
will be doubled; if its absolute tem- 
its volume will be tripled and so on. 
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Fie. 228.—Diagram illustrating Gay Lussao’s law. 


(With a given weight of gas at 


constant pressure, the volume varies as the absolute temperature, See following graph 
for points corresponding to J, IZ, and III, above.) 


Src. 241] 


HEAT PHENOMENA OF GASES 


201 


Likewise, halving the absolute temperature halves the volume; 
with 14 the original absolute temperature the volume will be 


14 of the original volume, etc. 


241. The Problems To 
Which Gay Lussac’s Law 
May Be Applied are those 
wherein the volume of a given 
weight of gas, which is main- 
tained at a constant pressure 
is known for a certain tem- 
perature and it is desired to 
compute either the volume of 
the gas at a different temper- 


ature or the temperature 
necessary to produce a 
different volume. Note that, 


in practice, it is usually more 
convenient to apply the 
general gas law, For. (145) for 
solving these problems. 


Note.—Tue Onuy Cuaneans To 
Wuicu Gay Lussac’s Law APPLIES 
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Temperature Deg. Fahr. Abs. 
Fic. 229.—Graph illustrates Gay 
Lussac’s law. Shows variation of volume 
directly with temperature, of any given 
weight of a perfect gas which is maintained 
at constant pressure and which occupies a 

volume of 12 cu. ft. at 32° F. 


Arr Tuosr Wuicu Are Causep By Tur AppiTion Or SuBTRACTION 
Or Heat, whereby the gas temperature is varied. The law cannot, 
since it is true only for a given weight of gas at constant pressure, hold for 
changes caused by adding or subtracting gas or for changes by com- 
pressing or expanding it mechanically unless heat is simultaneously 
abstracted or added at just the proper rates to maintain the pressure 


constant. 


242. The Gay Lussac’s-law Formula, which expresses 
mathematically the preceding verbal statement of the law, is: 


(130) — = 
or, 

(131) 

or, 

(132) T, = 


Vv. = = 


Ti s 

T, (ratio) 

Lie ale (final volume) 
Ti 

TiV.2 


(final temp.) 
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Wherein: V; and Vz = respectively the initial and the final 
volumes of the gas which may be expressed in any unit of 
volume, but both must be expressed in the same unit. T, 
and T. = respectively the initial and final absolute tempera- 
tures of the gas expressed in any temperature unit provided 
both are expressed in the same unit. 


Derivation.—The formula given above (130), can be derived from 
For. (116) just as was For. (120) derived from For. (114) in Sec. 239. 

Exampin.—A given weight of a gas is confined at atmospheric pressure 
and occupies 75 cu. ft. at 520° F. abs. What volume will it occupy at 
635° F. abs. and at the same pressure? Soxtution.—By For. (131), 
V2 = ViT2/Ti = 75 X 635 + 520 = 91.6 cu. ft. 

Exampie.—A body of gas at 580° F. abs. is compressed to one third of 
its original volume. To what temperature must it be cooled to reduce 
its pressure to the same value as that before the compression? Souv- 
TION.—By For. (132), T2 = T1V2/Vi = 580 X 1 + 3 = 193° F. abs. 

Exampie.—lIf a certain weight of a flexibly confined gas (Fig. 230), 
which is maintained at constant pressure has a volume of 9 cu. ft. at 
32° F., what will be its volume when the gas is heated to 52°? What 


Heat-Insulating Barrier 
32 


Fia, 230.—Showing decrease in volume at constant pressure due to 10° F, decrease in 
temperature, 


would be its volume if the gas were cooled to 22° F.? Sorutioy.—By 
For. (118), T = 7 + 460. Hence Ti, (32° F.) = 32 + 460 = 492° FP. 
abs. Also, Tz (52° F.) = 52 + 460 = 512° F. abs. And, T; (22° F.) = 
22 + 460 = 482° F. abs. By For. (131), Ve = Vi T2/T; = 9 X 512 + 
492 = 9.37 cu. ft. Also, V3 = ViTs/T; = 9 X 482 + 492 = 8.8 cu. ft. 

Exampie.—lIf 100 cu. ft. of air at 60° F. is drawn into a boiler furnace, 
what volume will this air occupy: (a) In the combustion chamber where 
the temperature is 2,350° F.? (6) In the last pass of the boiler where the 
temperature is 500° F.? (c) In the stack where the temperature is 250° 
F.? The pressure of the flue gases is, practically, atmospheric pressure 
in all parts of a furnace, boiler, and stack. Hence, the pressure may be 
assumed to be constant in this example. 

So.tution.—By For. (118), T = 7 + 460. Hence, T, (60° F.) = 60 + 
460 = 520° F. abs. Also, Tz (2,350° F.) = 2,350 + 460 = 2,810° F. abs. 
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and T; (500° F.) = 500 + 460 = 960° F. abs. and T, (250° F.) = 250 + 
460 = 710° F. abs. (a) By For. (131), V2 = ViT2/T: = 100 X 2,810 + 
520 = 540 cu. ft. (b) Also, Vs = ViT;/T: = 100 X 960 + 520 = 185 
cu. ft. (c) And, V4 = ViTs/T: = 100 X 710 + 520 = 187 cu. ft. 


243. A Combination Of Two Of The Three Fundamental 
Laws (Boyle’s, Charles’ And Gay Lussac’s) May Be Employed 
To Determine The Effect Of Simultaneous Changes In 
Volume, Pressure, And Temperature, for a given weight of any 
gas, when values for all three of these properties are known 
for the initial condition and values for two of them are known 
for the final condition. (See Table 244.) First, to find the 
result due to the changes in two of the properties, one of the 
laws is employed. Then, one other of the laws is applied 
(using the value obtained in the first operation) to compute 
the effect of the change in the third property. In any case, the 
two formulas which are used are the ones in both of which the 
unknown quantity (V, P, or T) appears. The following 
example explains the operation. 

Note.—For. (133) Wuicu Compines In OnzE Boytn’s, CHArizEs’, AND 
Gay Lussac’s Laws, May Br Usep InstEap Or Tur ABove EXPLAINED 
OprRATION.—Or, in practice, the general gas law, Sec. 249, which is usu- 
ally more convenient and which is of broader appiication is, ordinarily, 
employed. The material in the preceding and following sections is 
included principally to permit of a logical development of the general gas 
law of following Sec. 249. 
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Examp_e.—A cylinder (Fig. 231) contains 1 cu. ft. of gas at an absolute 
pressure of 15 lb. per sq. in., and temperature of 500° F. abs. Now, the 
absolute pressure is increased (Fig. 232) to 30 lb. per sq. in. Then, the 


; Thermometer Showing 
Thermometer Showing ‘Absolute Temperatures 
‘Absolute Temperatures : — Adoleol Weight. 


ye 


| LaSeeral 


Secveduseeccosnte 


‘Movable Piston Head 
Absolute-Pressure Gage’ 


Fig. 231.—lIllustrating the Fig. 232.—First change; change 
of volume and pressure in accord- 


initial condition of the gas in 
ance with Boyle’s law. 


the example. 


temperature is increased (Fig. 233) to 600° F. abs. _rhololeot Welyyht 
What is the resulting volume? (The final result TI ENOTTT 
would be the same if the above-specified changes 
all occurred simultaneously instead of occurring 
one after the other.) ‘ 
So.tution.—Call the volume of the gas after the 
first change (Fig. 232) V2’. Then, in accordance 
with Boyle’s law, the final volume due to the 
pressure change alone, as given by For. (110) = 
V2! = PiVi/P2=1 X 15 +30 =0.5 cu. ft. Then 
according to Gay Lussac’s law, the volume due to 
the temperature change alone, as given by For. 


! E Sets 2) 
(131) = V2 = V2/T2/Ti = 0.5 X 600 + 500 = i W--forch : 
0.6 cu. ft. \ J Absolufe-" 
-Thermometer Pressure 

Showing Gage 


Absolute . 


245. The Formula Which Combines = gexperctires 
Boyle’s, Charles’, And Gay Lussac’s Laws yy, 933--second 
and which applies for a given weight of change; change of vol- 


ie : 5 ° . ume and. temperat i 
any gas, the derivation of which 1S given accordance with eee 


below, is this: Lussac’s law. 


(133) ae = ae (units as noted) 
L 2 
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Or, by transposing, 


(134) Py= eee (final abs. pressure) 
241 

(135) es oe Gualtyalume) 
2 

(136) T, = Pitts (final temperature) 
Eros 


Wherein: P; and P2 = respectively, the initial and final abso- 
lute pressures of the gas in any pressure unit but both must be 
in the same unit. V1 and V2 = respectively, the initial and 
final volumes of the gas in any volume unit but both must be in 
the same unit. T, and T, = respectively, the initial and final 
absolute temperatures of the gas both on the same scale. 
Derrivation.—Repeating the three fundamental gas-law formulas and 


stating them in their general forms without employing any specific units: 
Boyle’s law, For. (108) is: 


Pia Ves 
137 — = =—P 
( ) P; V, or PiVi 2V2 
Charles’ law, For. (120) is: 
P, OF 
138 — = — or P\T2 = P2T 
( ) P, T or file 241 
Gay Lussac’s law, For. (130) is: 
(139) i = i or ViT. => VoTi 


Now multiplying together the second forms of each of the above equa- 
tions, there results: 


(140) IOWG SII SIG SEG DR Test, Se 
Or performing the multiplication indicated above: 
(141) P\?V12T.? = P2?V2?T;? 
Extracting the square root of both sides of the equation: 
(142) PiViT2 = PoVeTi 
Or transposing to a more convenient form: 
Ie 
(143) ae ee art 


which is the same as For. (133). 

EXAMPLE.—Solve, using For. (133) transposed, the example which is 
given under Sec. 244. Sotution.—By For. (1385), V2 = PiViT2/P2T: 
= 15 X 1 X 600 + 500 X 30 = 0.6 cu. fe. 

Exampin.—A certain quantity of air (Fig. 234) has a volume of 40 
cu ft. when at a pressure of 30 lb. per sq. in. abs. and a temperature of 
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80° F. The air is permitted to expand until its volume is 80 cu. ft. and 
simultaneously its temperature is reduced (by cooling) to 50° F. What 
is the absolute pressure which is exerted by the air at the end of its 
expansion? SoiutTion.—80° F. = 80 
+ 460 = 540° F. abs. 50° F. = 50 _ Steel Container 
+ 460 = 510° F. abs. Now, by For. F 
(184), P, =e P1V1T2/V2T, == 30 x 40 
X 510 + 80 XK 540 = 14.2 lb. per sq. 
in. abs. Valve, 
Exampie.—lIf a city is supplied ny 
with natural gas (Fig. 235) under an 
agreement to pay 25 ct. per 1,000 cu. 
ft. when the gas is: measured at at- 
mospheric pressure (14.7 lb. per sq. in. K 
abs.) and at 60° F., what should the Reads 80 Deg, 
city pay for 20,000 cu. ft. measured cee tine eed ae 
at 90° F. and 300 Ib. nd Sq. In. gage? Fra. 234.—What is the final pressure, 
SoLtution.—Since this is a problem IPalor thorain? 
involving a given weight of a given 
gas, it may be solved by the combined gas law, Sec. 245, Applying 
For. (185), Ve = PiViT2/P2T, = (300 + 14.7) x 20,000 * (460 + 
60) + [14.7 X (460 + 90)] = 314.7 x 20,000 x 520 + (14.7 X 540) = 
412,300 cu. ft. Hence, the city should pay $0.25 x (412,300 + 1,000) = 
$103.08. 


Vacuum 


—> Reads, 30Lb, 
-=--" Per Sg./rn Abs. 
R- Areads /4.2 Lb, 

B Per Sq. /r. Abs. 
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o See Pressure Reads Y 
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SY 
PRES 


“High-pressure Gas Pipe Line To City Mains” 


Fie. 235.—At 25 ct. per 1,000 cu. ft. measured at 14.7 lb. per sq. in. abs. and at 60° F., 
how much does the city owe for the day’s supply of gas? 


Note.—Trerms Usrep In Tuosr Heat-EnGINE PROBLEMS, WHICH 
May Bz Sotvep By Appiyinc THE Genera Gas Law Formutas, and 
which should be understood before proceeding, are: The “bore” of an 
engine is the internal diameter of its cylinder—the outside diameter of 
its piston. The “stroke” of an engine is the lineal distance, along the 
cylinder, which is swept through by the piston; it is equal to the travel 
of the crosshead. The “clearance” or “clearance volume” of an engine 
is the volume of space, in the engine cylinder, left between the adjacent 
cylinder head and the piston when the piston is at the end of its stroke, 
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plus the volume of the part which leads to it; clearance is usually 
expressed as a ratio in per cent thus: Clearance = (clearance volume) / (vol- 
ume swept through by piston). The “displacement volume”’ of an engine 
is the volume through which the piston sweeps. 

Exampie.—A gas engine, which has a clearance of 20 per cent., draws 
in a charge of gas at atmospheric pressure and at a temperature of 70° F. 
The charge completely fills the clearance and the displacement volumes. 
The charge is then, prior to ignition, compressed into the clearance. The 
gage pressure, which the gas then exerts, as shown by a pressure gage, is 
145.3 lb. per sq. in.; what is the temperature of the gas? 

So.uTion.—T: =the unknown. T: = 70 + 460 = 530° F. abs. Pi = 
14.7 lb. per sq. in. abs. P, = 145.3 + 14.7 = 160.0 lb. per sq. in. abs. 
Vi = (displacement volume) + (clearance volume) = 100 per cent. + 20 
per cent. = 120 per cent. V2 = clearance volume = 20 per cent. Now, 
substitute in For: (136): Te = P2Veli/PiVi = (530 X 160 X 20) = 
(14.7 X 120) = 1,696,000 + 1,764 = 961° F. abs. or 961 — 460 = 501°F. 

Exampie.—Assume that the charge of gas, after being compressed, as 
in the preceding example, is ignited. If the temperature—combustion 
temperature—then becomes 3,258° F. and the piston has not moved 
from the final position which was specified in the example just preceding, 
what then will be the pressure against the piston? 

So.uTion.—Since the gas charge here considered is the same one that 
was used in the first gas-engine example, the same original, initial condi- 
tion may be taken for the preceding example and for this example. 
Hence: P; = 14.7 Ib. per sq. in. abs. P: = the unknown. Vi = 120 
per cent. V2 = 20 per cent. Ti = 530° F. abs. Te = 3,258 + 460 = 
3,718° F. abs. Now, substitute in For. (134): Pe = PiViT2/V2Ti = 
(14.7 * 120 X 3,718) + (20 X 580) = 6,558,552 + 10,600 = 618.7 1b. 
per sq. in. abs. ANOTHER SOLUTION Or Tuis Same Exampue could be 
effected by using in this example the final-condition values from the 
preceding example, thus: P, = PiViTs/VeT: = (60 XV X 3,718) = 
(V X 961) = 594,880 + 961 = 618.7 lb. per sq. in. abs. or 618.7 — 14.7= 
604 lb. per sq. in. gage. 

Exampie.—The same charge of gas, which was considered in the two 
examples just preceding, was ignited and exploded in the previous 
example. It now expands and pushes the gas-engine piston before it to 
the end of the expansion stroke. If the pressure exerted by the gas 
at the end of its expansion stroke is 40 lb. per sq. in. abs., what is its 
temperature? 

SotutTion.—Since the gas charge which is considered here is the same 
one that was used in the first gas-engine example, the same original, initial 
conditions which were employed in the two examples just preceding may 
be used in thisexample. Hence: T; =the unknown. T, = 580° F. abs., 
from the preceding example. P; = 14.7 lb. per sq. in. abs. P2 = 
40 lb. per sq. in. abs. V remains constant, since for both the second and 
the first conditions it is 120 per cent. Now substitute in For. (136): 
T, = P2V2T1/PiVi = (580 X 40 X V) + (14.7 X V) = 21,200 + 14.7 = 
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1,442° F. abs. AnotTuEerR SoututTion Or Turis Samp ExampueE could be 
effected by using in this example, the final-condition values from the 
preceding example, thus: Tz = P2V2T,/PiV: = (8,718 X 40 X 120) + 
(918.7 X 20) = 17,846,300 + 12,347 = 1,442° F. abs. 

246. For Any Given Weight Of A Perfect Gas, The Quo- 
tient, Which Is Obtained By Dividing The Product Of Its 
Absolute Pressure And Volume By Its Absolute Temperature, 
Is A Constant; that is, the quotient has the same value for 
any condition of the gas. This is merely a statement, in 
words, of the fact which is expressed mathematically by For. 
(133). Or, the same fact stated in still another way is: 


(144) — =k (constant) 


Wherein: P = the absolute pressure, which is exerted on or 
by any weight of the gas, in any pressure unit. V = the 
volume, of the same weight of gas when it is exerting the 
pressure P, in any volume unit. T = the absolute tempera- 
ture, of the same weight of gas when it is exerting the pressure 
P, in any temperature unit. k = a constant value, for the 
given weight of gas, for any pressure-volume-temperature 
condition, the pressure, volume, and temperature respec- 
tively being always expressed in the same unit for each differ- 
ent condition. That is, this k represents a constant value in 
the same way that the value of k (Sec. 112) in the Boyle’s-law 
formula remains constant for any given weight of a gas. 
247. Values Of ‘‘k”’ For 1 Lb. Of Different Gases have 
been determined experimentally for practically all of the 
known gases. In this book such values are denoted by the 
symbol ‘‘kg.”’ They are, for some of the more common 
gases and for certain measurement units, given in Table 251. 
These Table 251 values hold only for 1 lb. of gas where: (1) The 
volume is measured in cubic feet. (2) The absolute pressure is 
measured in pounds per square foot. (8) The temperature is 
measured in degrees Fahrenheit absolute. If measurement 
units other than those just specified in (1), (2) and (8) are 
employed, then the k, values will change accordingly. 
EXpLANATION.—In D35TERMINING EXPERIMENTALLY THE VALUE OF 
kg For A Given Gas, it is only necessary to measure simultaneously 
the: (1) absolute pressure, and the corresponding (2) volume, (3) absolute 
4 
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temperature, and (4) weight of the quantity of gas under consideration. 
The quantity may be any that is convenient. Similarly, the pressure 
and the corresponding volume and temperature condition may be any 
that are convenient. Then, applying For. (144), multiply together the 
corresponding absolute pressure, P, and volume, V, and divide their 
product by the absolute temperature, T. The result will be k for the 
total quantity of gas under consideration. As stated in the preceding 
section, the value of k for any given weight of any certain gas will always 
be the same regardless of its pressure, volume and temperature condition. 
Then, by dividing the “‘k’’ value thus computed by the number of pounds 
in the total quantity of gas, the value of k for 1 |b., that is, the value of 
kg is obtained. To explain the reason for this, suppose that 1 lb. of a 
gas, at a given temperature and pressure, occupies 1 cu. ft. It is obvious 
that, at the same pressure and temperature, 2 lb. of the gas must occupy 
2 cu. ft., and W pounds must occupy W cu. ft. Now, since ie = PAL 
and since V varies directly as the weight of gas under consideration, it 
follows that k must also vary directly with the weight. 

Nors.—It Is Atso Trus Tuat, For Any Gas: ke = [is specific 
heat at constant pressure) — (Its specific heat at constant volume)| X 778. 
This is here stated merely as an interesting fact; no endeavor will be 
made herein to explain the reason therefor. 

ExaMPLE.—It is found by experiment that 1 cu. ft. of air at atmos- 
pheric pressure and at a temperature of 32° F., weighs 0 080,71 lb. 
What is the gas constant, kg, for air. Sotution.—By definition, 
atmospheric pressure = 14.7 Ib. per sq. in. abs. = 14.7 X 144 = 2116.8 
lb. per sq. ft. abs. Also, taking the more accurate value of ‘459.6°,” 
instead of the usual ‘‘460°” for the difference between the absolute 
zero and the Fahrenheit zero: 32° F. = 32 + 459.6 = 491.6° F. abs. 
Now substitute in For. (144) to obtain the constant for this weight 
(0.080,71 1b.) of air = k = PV/T = 2116.8 X 1 + 491.6 = 4.306. The 
same constant “4.306” would be obtained, for this weight of air, for any 
other temperature—pressure—volume condition. Now divide by the 
weight of air to obtain the gas constant for 1 Ib. of air = kg = 4.306 + 
0.080,71 = 53.34, which is the same value as that given for air in 
Table 251. 


248. The General Gas Law (The Perfect-gas Law) states 
the relation which exists between the pressure, volume, abso- 
lute temperature, and weight of a perfect gas. It is generally 
expressed as an equation as shown by For. (145). It is_a 
very important law and one with which every engineer should 
‘be familiar because it recognizes in one equation every property 
“of a given gas that may change, that is, which is variable. 
It is based on a combination of Boyle’s, Charles’ and Gay 
Lussac’s laws, as is shown in the following derivation. 
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249. The General-gas-law Formulas are given below. 
Note that, in substituting in these formulas, pownds-per-square- 
foot absolute-pressure values and degrees Fahrenheit absolute- 
temperature values must be used. But these may readily 
be derived from gage-pressure and degree-Fahrenheit values, 
as explained in Secs. 17 and 62. 

(145) PV =Wk,.T (pressure and volume) 


hence, transposing: 


(146) P= weet (lb. per sq. ft. abs.) 
furthermore: 
(147) you (que 
and: 

PV 
(148) T= Whe (deg. Fahr. abs.) 
and: 

PY: 
(149) We= koT (Ib.) 
and: 

PY. 
(150) hove WT (gas constant) 
and: 
(151) pe = = ir db anerauhers 
Wherein: P = the absolute pressure of the gas, in pounds per 
square foot. V = the volume of the gas, in cubic feet. 


W = the weight of the gas, in pounds. ke = a constant 
which varies with the kind of gas and with the units of measure- 
ment which are used; for the units here specified, values for 
different gases are given in Table 251. T = the absolute 
temperature of the gas in Fahrenheit degrees. D = the 
density of the gas, in pounds per cubic foot. 

DerivaTIon.—For. (144) is merely another way of expressing For. 
(133) which is derived, as there shown, by combining Boyle’s, Charles’ and 


Gay Lussac’s laws. Now, For. (144) is for ‘‘any given weight of gas.” 
That is, it assumes that the weight of gas under consideration is con- 
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stant. Thus, repeating For. (133) but using symbols which express: 
(1) Pressure in pounds per square foot, (2) volume in cubic feet, (3) tempera- 
ture in degrees Fahrenheit absolute, there results: 


(152) k= ad (constant for any given weight of gas) 


Now, by definition, ke = gas constant for 1 Ib. of gas. It was shown 
under Sec. 247 that if ke, which is the gas constant for 1 lb. of the gas 
which is under consideration, be multiplied by W, which represents the 
total weight in pounds of the gas, the result will be k, the constant for the 
total amount of gas. That is: 

(153) k = Wke (constant for any given weight of gas) 
Now, substituting the equivalent of k from For. (153) in For. (152) there 
results: 


and then transposing: 
(155) WkeT = PV 
which is the same as For. (145). 


250. The General-gas-law Formulas Are The Engineer’s 
Practical Working Formulas.—Any problem which can be 
solved by applying either Boyles’, Charles’, or Gay Lussac’s 
laws can be solved with them. Furthermore, by their use 
many problems, to which none of these three laws apply, can 
be worked. Hence, they are the only formulas that need be 
memorized for any of these computations. The examples 
which are given below illustrate only a few of their many 
applications. 

Norn.—Tue GenerAt Gas Law Hoxrps Onty For Perrecr GaszEs— 
as they are defined in Sec. 226 as do all of the other laws treated in 
this division. In fact, the following definition is sometimes given: 
A gas which has properties such that it conforms exactly to the general gas 
law is a perfect gas. But the performances of many ordinary gases con- 
form sufficiently to the general gas law that, for the usual engineering 
computations, it provides results well within the limits of required 
accuracy. 

251. Specific Heats, Values Of “k’” And Values Of “‘k,’? 
For Some Of The More Common Gases.—Specific-heat 
values shown are average values over the temperature ranges 
(32°-400° F.) ordinarily encountered in practice. Values in 
line 9 are variable. All others are from Marks’ ‘‘ Mechanical 
Engineers’ Handbook.” See Sec. 247 for units which must be 
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employed when the kg values are used. The substances of 
items 1, 2 and 10 are not to be treated as gases unless highly 
superheated; see Div. 11. 


Specific heat 

Chem- ka = Gas 

Name of gas ical ke eter 1 

ayinbol At constant | At constant; Cp + Cy | = (Cp — 

pressure, volume, Cv) X778 

Cp Cv 
1 | Sulphur dioxide...... SO2 0.154 0.123 1.25 24.10 
2 | Carbon dioxide....... CO2 0.210 0.160 1.31 35.09 
Sn ROXY.2 De teceians ies) ale O2 0.217 0.155 1.40 48.25 
ONG TE Sew ght. ancta cub Re sues} Melsyate a. 0.241 0.171 1.40 53.34 
Bm | MINAGEOMOD eye oe sestel eat Ne 0.247 0.176 1.40 54.99 
Guiethy lene. cre. coe C2H4 0.400 0.330 1.20 55.08 
7 | Carbon monoxide.... co 0.243 0.172 1.41 55.14 
8 | Acetylene........... C2H2 0.350 0.270 1.28 59.34 
OMB assur OA Ce maces vote elear 0.245 0.174 1.40 55.05 
TOP Ammonis er acrete «cts NHs 0.523 0.399 1.31 90.50 
DAs Pe Miethanesacierae eters CHa 0.593 0.450 1.32 96.31 
U2 ydrogens. ta). He 3.42 2.44 1.40 765.9 
| 


252. The Problems Which Can Be Solved With The 
General Gas Law, Fors. (145) to (151), are: (1) Those in 
which values for four of the fwe properties—pressure, volume, 
temperature, weight, and kind of gas— of a quantity of gas are 
known for a certain condition and it is desired to determine the 
value of the fifth property for that condition. (2) Those in 
which values for four of the five properties of a quantity of gas 
are known for a first given condition and, for a second condttion, 
two of the values change while the other three remain constant; 
then, knowing the final value of one of the changed properties, 
the value of the other changed property may be computed. 


Exampie.—A vessel (Fig. 236) contains 5 lb. of air. The gage pres- 
sure is 20 lb. per sq. in. The temperature is 90° F. What is the cubical 
content of the vessel? SonutTion.—The absolute pressure = (20 + 14.7) 
x 144 = 5,000 lb. per sq. ft. The absolute temperature = 460 + 90 = 
550° F. abs. From Table 251, ke for air = 53.34. Now substituting 
the known values in For. (147): V = WkeT/P = (5 X 53.34 X 550) 
+5,000 = 29.3 cu. ft. 
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Exampine.—A receiver (Fig. 237) contains 800 cu. ft. of compressed 
air at a gage pressure of 120 lb. per sq. in. Its temperature is 80° F. 
What is the weight of the air. Sotution.—The absolute pressure = 


(120 + 14.7) X 144 = 19,400 lb. per sq. fet. 


Thermometer») Pecels The absolute temperature = 460 + 80 = 


Sheet-Stee/ Tank. 


540° F. abs. From Table 251, ke for air 
= 53.34. Now substitute in For. (149): 
W = PV /keT = (19,400 X 800) + (53.34 X 
540) = 539 lb. 


Thermometer 
Reads 80 beg.falu.. 


Pressure Gage Reads E 
120 Lb. Per Sq, In." 


Neue 


Compressed Air — 


2 OO DO ce 


Welded Sheet-Stee/ Rece/ver-* 


Fie. 236.—What is the volume Fie. 237.—What is the weight of the air? 


of the vessel? 


A 
Meta/.~ 
Cylinder 


Fig, 238.—What is 
the gage pressure? 


ExampLy.—It is desired to store 50 1b. of oxygen 
gas in a metal cylinder (Fig. 238) which is 3 ft. in 
diameter and 8 ft. long. What must be the pres- 
sure shown by the gage on the tank when it con- 
tains 50 lb. of oxygen, if the oxygen is pumped in. 
at a temperature of 120° F.? Sonurron.—The 
volume of the tank = 0.785 X 3X8 X 8 = 56.5 
cu. ft. From Table 251, for oxygen, kg = 48.25. 
The absolute temperature = 120 + 460 = 580° F. 
abs. Now substitute in For. (146): P = WkeT/V 
= (50 X 48.25 X 580) + 56.5 = 24,765 Ib. per sq. 
ft. abs. Pounds per square inch absolute = 24,765 
+ 144 = 171.9 1b. per sg. in. abs. Gage pressure 
= absolute pressure — 14.7 = 171.9 — 14.7 = 157.2 
lb. per sq. in. = pressure which should be shown by 
gage on cylinder. 

EXaMPLE.—An air compressor pumps 120 cu. 
ft. per min. of free air (atmospheric pressure), 
which is at an average temperature of 70° F. 
Disregarding the effect of moisture in the air, what 
is the weight of the air which is pumped each 
minute? Soturtion.—From Table 251, for air, 
ke = 53.34. Now, substitute in For. (149): W = 
PV /keT = [(14.7 X 144) 120] + [53.384 X (70 
+ 460)] = [2,116.8 x 120] + [53.34 x 530] = 
254,016 + 28,276 = 9.0 ld, 
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Exameue In Wuicu Tue Vatuss For our Properties ARE KNown 
For A First Given Conpition Anp, Jor A Szeconp Conpition, Two 
Or Tue Vaturs Cuaner Wuitt Tur Otruer Ture Remain Con- 
STANT, it being necessary to determine the final value of one of the 
changed properties: A steel container holds 800 cu. ft. of air which 
is at a pressure of 19,400 lb. per sq. ft. abs. and a temperature of 540° F. 
abs. What will be the pressure exerted by the air if its temperature is 
increased to 600° I. abs.? Soxution.—From Table 251, for air, ka = 
53.34. Hence, by For. (149), W = PV/keT = 19,400 X 800 + (53.34 
X 540) = 538.7 lb. Now substitute in For. (146): P = WkeT/V = 
538.7 X 53.34 X 600 + 800 = 21,567 lb. per sq. ft. abs. 


253. The “Density” Of Any Substance is its mass per unit 
of volume. In engineering, density is usually considered as the 
weight of a unit volume of a substance—that is, if a body’s 
weight be divided by its volume, the result is called its density. 
The weight and volume may be measured in any convenient 
units. If the weight be measured in pounds and the volume 
in cubic feet, the resultant density is expressed in pounds 
per cubic foot. This unit (lb. per cu. ft.) is very widely used 
in engineering work. The formula for density, expressed 
in this unit, is: 


(156) p=" Abo perenne 
which, by transposition, gives: 

WwW 
(157) Y= D (cu. ft.) 
and 
(158) W=VD (pounds) 


Wherein: D = the density of a substance, in pounds per cubic 
foot. W = its weight, in pounds. V = its volume, in cubic 
feet. 


Exampie.—lIf 6 cu. ft. of water weigh 375 lb., what is the density 
of the water? Soxturion.—By For. (156), D = W/V = 375 +6 = 
62.5 lb. per cu. ft. 

ExamMpin.—lIf the density of air (under certain conditions) is 0.1 lb. 
per cu. ft., what volume will 8 lb. of air occupy? SoLtuTion.—By For. 
(157), V = W/D = 8 + 0.1 = 80 cw. ft. 

ExaMpLE.—What weight of hydrogen will be contained in a 5-cu. ft. 
container if the density of the hydrogen is 0.03 lb. per cu. ft.? Soxv- 
TION.—By For. (158), W = VD = 5 X 0.03 = 0.15 lb. 
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254. The Density Of Any Substance Will Vary with its 
temperature or with any other property which affects its 
volume. ‘Thus, since heating a solid expands it but does not 
(ordinarily) change its weight, it is obvious that heating will 
decrease the density of a solid. With gases, the density 
depends on the pressure, temperature, and kind of gas. With 
a given weight of a certain gas, the density varies with the 
pressure and temperature. Formulas for the density of a gas 
and for its variations with pressure and temperature are 
derived by substituting from For. (156) into the gas-law 
formulas which have already been developed. ‘Thus, for a 
given weight of any gas at constant temperature (Boyle’s 
law): 


deepal OS 


(159) jee ap (ratio) 
2 2 
or 
DP 
(159A) De P. (final density) 


at constant volume, (Charles’ law): 
(160) D, = Dz (density) 


at constant pressure (Gay-Lussac’s law): 


T D 
(161) T, = D, (ratio) 
or 
D,T 
(162) Dz = T, (final density) 


For a given weight of any gas (combined law): 


LE eke ee : 
(163) D,T, > D:Ts (ratio) 
or 
D,T\P2 


(164) Dy = tee (final density) 
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Now from For. (156) Dr = W/V. Then, substituting 
this D, for its equivalent in For. (151) for the general gas law, 
it follows that for any gas. 


Pr 


(165) Dr = koTs (lb. per cu. ft.) 


Wherein: D = density. P = absolute pressure. .T = abso- 
lute temperature. The units may be any convenient ones; the 
subscripts ; and » referring respectively to the initial and 
final conditions of a gas which undergoes a change of condition. 
D, = density, in pounds per cubic foot. Pr = absolute 
pressure, in pounds per square foot. Tr = absolute tempera- 
ture, in degrees Fahrenheit. ke = gas constant, as given in 
Table 251. 


ExaMPpLeE.—The density of a certain gas is 0.2 lb. per cu. ft. when 
under 200 1b. per sq. in. abs. pressure. What will be the density of the 
same gas under 30 lb. per sq. in. abs. and at the same temperature? 
Sotution.—By For. (159A), D2 = DiP2/P; = 0.2 X 30 + 200 = 0.03 lb. 
per cu. ft. 

ExamMpiye.—lIf the density of air is 0.15 lb. per cu. ft. when under a 
certain pressure and at 40° F., what will be its density when under the 
same pressure but at 1,140° F.? Soxiurion.—By For. (162), De = 
D,T,/Tz = 0.15 X (40 + 460) + (1,140 + 460) = 0.15 X 500 + 1,600 = 
0.047 lb. per cu. ft. 

ExampLye.—A given weight of gas, when under 30-in. mercury column 
and at 60° F. has a density of 0.06 lb. per cu. ft. What will be its den- 
sity when under 10 in. mercury column and at 20° F.? Soturion.—By 
For. (164), D2 = D,T,P2/T2P; = 0.06 X (60 + 460) X 10 + [(20 + 
460) X 30] = 0.06 X 520 X 10 + (480 X 30) = 0.021,7 Ib. per cu. ft. 

ExAMPLE.— What is the density of oxygen at atmospheric pressure and 
32° F.? SoLtution.—From Table 251, ke (for oxygen) = 48.25. Hence 
by For. (165): Dr = Pr/keTr = (14.7 X 144) + (48.25 & 492) = 
0.089,2 lb. per cu. ft. 


255. Table Of Absolute And Relative Densities Of Various 
Gases. (Based on values in Marks’ “ Mechanical Engineers’ 
Handbook,” p. 316). Carbon dioxide and ammonia, at the 
pressure and temperature given, are sufficiently superheated 
that they may reasonably be considered as gases. 
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Absolute density in lb. 
per cu. ft., at atmos- Relative 
5 pheric pressure, or 14.7 | density as 
Kind of gas lb. per sq. in. absolute | eompared 
to air 
64° F. Soave 
ISAT. hoes 1 2h eager ence 0.0761 0.0807 1.000 
Oxy Gentes. Se eiecin eis Eicrcasecees 0.0840 0.0892 P2105, 
INitrogenley eee ee eee CROC 0.0783 0.970 
Hydrogen tenner eee ee OU o29 0.00562 0.0696 
Carbonsmonoxidenaae ieee 0.0734 0.078 0.968 
Carbon dioxide. +... 0. o> 0.1156 0.1227 1.520 
IATMIMONIAR caine ee ekoe eect nen 0.04483 0.0476 0.590 
ACOt VON i) 05 oss cen yen me ate 0.0684 0.0725 0.899 
IWiethian ete ayer soe tire eons LO oaa 0.0447 0.554 
Pi yd Gi Serre sien reser sia Woes 0.07388 0.0780 0 969 


256. Air Drafts Are Caused By Differ- 


ences In The Density Of The Air.— 


Tissue 
(Paper 


Fie. 239.—Hot gas lifts 
the toy balloon. 


When a body of air 
is heated it expands; 
its density decreases. 


It thus becomes 
lighter per unit of 
volume. Therefore, 


it tends to ascend, 
due to its displace- 
ment by the cooler 
and heavier air from 
above. Thus the less 
dense air is forced 
upward by the denser 
air above it just asa 


cork is forced upward in water by the 


denser water above it. 


-Smoimering Fire on Eno 
\,. of Woolen Stick .- 
aaa a 


‘ 


Gloss Fron 


Fie. 240.—Air-draft pro= 
duced by heat. 


Toy balloons (Fig. 239), also many 


balloons which are built for actual service, derive their 
buoyancy from the low-density hot air and combustion gases 
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with which they are inflated. The draft (see the author’s 

Steam Borxers) which is produced by all chimneys, power- 

plant and others, likewise depends upon this principle. 
ExamMpLE.—Two glass chimney-tubes, A and B (Fig. 240) are placed 


over apertures in a box, C, which has a glass side. A lighted candle is 
placed in the tube B. Thereby the air in tube B becomes heated and 


Fig. 241.—Barn ventilated by rising warm-air currents. (The air in the stall floor, 
F, becomes warmer than the outside air due to the heat given off by the animals. It is 
then displaced by colder outside air and forced up through ducts, D.) 


its density decreases. Therefore it rises, due to its displacement by the 
cooler denser air which decends through tube A. A draft is thus 
produced which forces the smoke downward from the smoldering fire at 
the top of A. Thesmoke can then be seen flowing down through chimney 
A into the box, C, and thence upward through chimney B. See also 
Fig. 241. 

ExaMPpLE.—Hach of the chimney-tubes, A and B (Fig. 240) is assumed 
to be 100 ft. high and of 1 sq. ft. cross-section. The temperature in tube 
A is 64° F., and in tube B 464° F. What pressure, in inches water 
column, tends to force the smoke up through tube B? Sotution.—By 
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Table 255 the density of the air in tube A under atmospheric pressure at 
64° F. = 0.076,1 lb. per cu. ft., the absolute temperature in tube A = 
460 + 64 = 524° F. abs., and in tube B = 460 + 464 = 924° F. abs. 
By For. (162) the density of the air in tube B = Dz = DiT,/T2 = (0.076,1 X 
524) + 924 = 0.048,2 lb. per cu.ft. The volume of airin each tube = 100 X 
1 = 100 cu. ft. Hence, the weight of the air in tube A = 100 X 0.076,1 = 
7.61 lb., while the weight of the air in tube B = 100 X 0.043,2 = 4.32 lb. 
Therefore, the boosting pressure in tube B = 7.61 — 4.82 = 3.29 lb. per 


For Cook Stove-... ...>\ B¢_._~-for Ventilators S anol R 
Vv Se Or. Furnoce 

Ar A~G 

Os LL) 


Section 
P Through 
Chimney 


{\ 


Cool Air 
Intorke To---}-3 
Furnoce 


o 
_ PiSSISsScowi6. Os SPs ee ee ae 8 DS 
SONA ENN NEK SLING 


Susp ines 


Fie. 242.—Illustrating chimney draft (the three-flue chimney provides draft for the fur- 
nace and cook-stove and also, by means of ventilators, S and R, ventilates the rooms). 
sq. ft. = 3.29 + 144 = 0.022,8 lb. per sq. in. By For. (9) the equivalent 
height of water column = Pr = 27.684P = 27.684 X 0.022,8 = 0.634 in. 

water column. 

Examepie.—The chimney of a dwelling (Fig. 242) extends 35 ft. above 
the furnace in the basement. The temperature of the outside air is 
32° F. The average temperature of the gases inside the chimney is 
450° F. What is the draft pressure produced thereby, in inches of water- 
column? Soxution.—By Table 255 the density of air at 32° = 0.080,7 lb. 
per cu. ft. By For. (162), the approximate density of the combustion 
gases in the chimney = Dz = DiTi/T2 = 0.0807 X (460 + 32) + (460 + 
450) = 0.043,6 lb. per cu. ft. The pressure of the column of chimney gases 
(on line AB, coinciding with furnace grate) = 35 X 0.043,6 = 1.53 1b. per 
sq. ft. The pressure, of an equivalent column of the external air = 35 X 
0.080,7 = 2.87 Ib. per sq. ft. of base area. Hence, the draft-pressure = 
2.82 — 1.53 = 1.29 lb. per sq. ft. = 1.29 + 144 = 0.008,96 1b. per sq. in. 
By For. (9), the equivalent height of water column = P1 = 27.684P 
= 27.684 & 0.008,96 = 0.248 in. water column. 
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257. The Heat Effects In Gases Are Different From Those 
In Solids And Liquids.—As explained in Secs. 96 and 102, 
(Div. 4), the addition of heat to a solid body always produces 
an increase in its temperature (the heat does vibration work, 
Sec. 97, and does only an inappreciable amount of external 
work (Sec. 99). If the solid is at its melting temperature, then 
the addition of heat does disgregation work (Sec. 98) and an 
_almost_inappreciable amount _of external work. Likewise, 
‘ the addition of heat to a liquid always increases its temperature 
(does vibration work) and does only an inappreciable amount 
of external work; if the liquid is at its boiling temperature, 
then the addition of heat does disgregation work and an 
appreciable amount of external work. But, the addition of 
heat to gas at any temperature may or may not increase its 
temperature, may or may not do external work, and, as will 
be shown, never does any disgregation work. Whether or not 
__vibration or external work is done, depends on the rates at 
which the gas is heated and at which it is permitted to do 
~~ external work. The gas temperature may even increase with- 
~~ out the addition of any heat from without. These phenomena 
will be explained in following sections. 

258. No Disgregation Work Is Done When A Perfect Gas 
Is Heated Or Cooled.—The truth of this statement was first 
shown by Joule with the appar- 
atus shown in Fig. 248. Later ie bedi y Sea 
experiments by Lord Kelvin (Sir an 
William Thompson) revealed 202 (|; 
that Joule’s results were slightly 
inerror. The experiment isnow 
frequently referred to as the 
“ Joule-Thompson effect.”’ 


EXpLaNATION.—Joule placed two 
equal-sized containers (A and B, Fig. , 
243) in a tank of water, W, and Fic. 243.—The apparatus which was 
provided a very sensitive thermome- used by Joule to prove that no disgrega- 
ter, T, for measuring the tempera- tion work is done when a gas expands, 
ature of the water. The tank, W, was 
well insulated to prevent heat flow into or out of W. He compressed 
air into A until the pressure was 22 atmospheres and exhausted all of the 
air from B. After the whole apparatus had reached the temperatures 
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of the room, he opened the valve, V, in the pipe which connected A and 
B and watched 7’ to observe how the temperature would vary. He 
could observe no variation. 

Now, as explained in Sec. 96, the three ways in which heat may be 
expended are as vibration work, disgregation work, and external work. 
This thought is expressed by For. (50) which is repeated here: 


(166) Q = Qv + Qn + Qz (B.t.u.) 


Wherein: Q = heat added to the substance. Qy = heat expended in 
doing vibration work. Qp = heat expended in doing disgregation work. 
Qz = heat expended in doing external work. All quantities being 
expressed in British thermal units. 

Now, in Joule’s experiment: (1) No heat was added to or abstracted 
from the air because the whole apparatus was insulated and was at room 
temperature. Hence Q = 0. (2) No change in temperature was noted. 
Hence, no vibration work was done, and Qy = 0. (3) No external work 
was done by the air because there was no means of conveying it to or 
from the apparatus. Hence, Qz = 0. Therefore, by substituting the 
values obtained in Joule’s experiment into For. (166), after transposing 
there results: Qn = Q — Qv —-Qz =0-—0-—0=0. Hence, it was 
concluded that for air Qp = 0. 

The later experiments by Lord Kelvin showed that, although the 
temperature remains nearly constant in the above-described experiment, 
there is a slight variation. The variation is very slight for the ‘‘perma- 
nent”’ gases (Sec. 348) at ordinary temperatures and it is assumed that for 
a perfect gas (Sec. 226) there would be no variation. The variation for 
actual gases grows larger, the lower the temperature at which the experi- 
ment is performed. The reason for this is that the gases become more 
and more like vapors, Div. 11, as their liquefaction temperatures are 
approached. 


259. Heat Transferred To (Or From) A Perfect Gas May 
Produce (Is Produced By) Either Or Both Of Two Effects— 
Vibration Work And External Work.—Since it is possible 
to increase the temperature of a gas by heating it, it is obvious 
that heat energy, when added to a gas, can do vibration work. 
Furthermore, since heating a gas often causes it to expand or 
increase in volume, it is also obvious that the added heat 
energy can cause the gas to move substances (moving M and W 
in Fig. 233 for example) which restrict its volume. That is, 
the added heat energy can cause the gas to do external work. 
In any case, the amounts of vibration work and external work 
that are produced depend on the rate at which expansion is 
permitted to proceed, 
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ExampLe.—Suppose, Fig. 244, that a certain weight of gas is confined 
in a cylinder which is fitted with a handled piston, thermometer, and 
pressure gage. At 70° F., and 30 lb. per sq. in. abs. the gas is found to 
occupy 1 cu. ft. (condition a, Fig. 244). The piston is now held in the 
position shown while heat is applied to the cylinder until the thermometer 
reads 600° F. The gage will now show a pressure of 60 lb. per sq. in. abs. 
(by Charles’ law, Sec. 237). But, since the gas did not force out the 
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Fig, 244.—Illustrating how the heat energy which is added to a gas may do either vibra- 
tion work or external work. 


piston, it did no external work. Hence, the heat added in passing from 
condition a to condition b was all used in raising the temperature of the 
gas—in doing vibration work. 

When condition 6 is reached, the heating is continued but, instead of 
holding the piston in one position, the operator now, partially restraining 
it, permits the piston to rise at such a rate that the thermometer con- 
tinually shows 600° F. After an interval, the volume of the gas will have 
increased to 6 cu. ft. and the pressure will have decreased to 10 lb. per 
sq. in. abs. (condition c, Fig. 244). In passing from condition b to 
condition c, the gas has done external work in forcing out the piston 
against the resistance of the operator’s hand but, since the temperature 
remained constant, no vibration work was done. Hence, in JJ, the heat 
energy was all used.in doing external work. 


260. A Gas Generally Does External Work When It 
Expands.— All gases exert pressure. If a gas is confined in a 
closed vessel, it exerts pressure on the walls of the vessel 
because the gas molecules, in their vibratory motion, strike 
the walls of the vessel (Sec. 50). Therefore, the walls of the 
vessel provide a resistance to the pressure of the gas. If the 
gas is permitted to expand, then the walls of the vessel or a 
part of them must have been moved. This motion of the walls 


224 PRACTICAL HEAT [Drv. 8 


of the vessel constitutes an instance of motion against resis- 
tance (which is work, Sec. 20). But the pressure of the gas 
has aided in (or been the entire cause of) the motion of the walls 
of the vessel. Hence, the gas has, by reason of its pressure, 
done external work. 


ExpLANATION.—Assume that a certain weight of gas is confined 
between the end of a cylinder A, Fig. 245, and a piston, M, which has been 
inserted through the open end of the cylinder. The gas exerts a certain 

pressure against the face of the piston. 
/olume:(PistonAree)xL, "This pressure tends to force the piston 
out of the cylinder (in the direction 
of the arrow). If the piston is per- 
mitted to move to the position N, the 
gas must have aided in the piston’s 
motion. Therefore, the gas has done 
external work. 

Note.—A THROTTLING OR FRIc- 
TIONAL EXPANSION is one during 
which no external work is done by 
the expanding fluid. This occurs 
when a gaseous substance flows 
through a small opening from a region of high pressure to one of lower 
pressure, gaining velocity as it flows, which velocity is then destroyed. 
The substance is said to do work on itself as it increases its velocity— 
the work being stored in the substance in the form of kinetic energy. 
But, when the kinetic energy disappears as the velocity again decreases, 
the kinetic energy is reconverted into heat energy. Instances of 
throttling expansion are: (1) Joule’s experiment, Sec. 258. (2) The 
pressure drop which accompanies the flow of a gaseous fluid through a 
pipe or restricted opening. Throttling expansions will not be further 
discussed in this division. See Sec. 887 for the throttling expansion of 
vapors. 


261. Work May Be Represented Graphically By An Area.— 
As defined in Sec. 21, work is the product of force times distance. 
Since the area of any figure or diagram is the product of a 
length times a height, it is possible to so draw a figure that its 
length shall represent a distance (or force) and that its height 
shall represent a force (or distance). Then, its area must 
represent work (see explanation below). It will also be shown 
that work may be represented by a figure whose height repre- 
sents pressure and whose length represents volume. 


Fic. 245.—Showing that an expanding 
gas does external work. 


EXPLANATION.—Assume that a constant force of 12 Ib. is required 
(Fig. 246) to move an object in a given direction and that the object is 
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moved 8 ft. from a starting point by this force. A rectangle OBCD, 
Fig. 247, is drawn, 12 units in height and 8 units in length. Its area 
(12 X 8 = 96 squares) then represents 96 units of work. Since each 
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Fie. 246.—Object W moved 8 ft. by a Fig, 247.—A force-distance work 
constant force of 12 lb. diagram. The shaded areas rep- 


resent work. 


unit of height represents 1 lb. and each unit of length represents 1 ft., each 
unit of area represents 1 lb. X 1 ft. or 1 ft.-lb. Hence, the area OBCD 
represents 96 ft.-lb. of work. If, now, a constant force of 9 lb. is required 
(Fig. 248) to move the object from 
the 8-ft. mark to a 15-ft. mark Scale Of Distance Units 

é 0) 5 iKe) \5 20 25 
(measured from the same starting : 
point as above), the force of 9 lb. 
will act through a distance of (15 Object Moved 


\ 
{ 
| 
5 4 ! 
— 8) or 7 ft. Hence, for this eat 
K---7°0"-> Spring Balance 
Reads 9Lb-. 


second movement the work done 

= 9X 7 = 68 ft.-lb. as represented 

by the area DEFG, Fig. 247. 
Assume, in a second case (Fig. . Ve, 

249), that a constant force of 48 Fic. 248.—Object W moved 7 ft. by a 

lb. acts through a distance of 40 ft. constant force of 9 lb. 

A unit of height may be taken to 

represent a force of 4lb. Then the 48-lb. force will be represented by 12 

units (OB, Fig. 247). A unit of length on the diagram may be taken to 

represent 5 ft. Then, the 40-ft. distance will be represented, by 8 units 


Serle. Of Distance Units 
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Fie, 249.—Object M is moved 40 ft. by a 48-lb. force. 


(OD, Fig. 247). The work done by the force will then be represented, as 

in the first case by the area OBCD or 96 area work units. But now each 

area unit represents 4 1b. X 5 ft. = 20ft.-lb. Hence, in this case, the area 
15 
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OBCD represents 96 X 20 = 1,920 ft.-lb. which is the work done by the 
48-lb. force acting through a distance of 40 ft. 

Norr.—Tue ArEA Unper A Forcr-pistTaNce Grapa ALSO REPRE- 
sents Tue Work Done Wun Tue Force Is Nor Constant.—lf, 
Fig. 250, in acting through the first 4 ft., a force increases uniformly from 

4 to 6lb., then the work done = (average 


H iss ia gn force) X (distance) = [(4 + 6)/2|X 4 
a = = 5x 4 = 20/ft.-lb. which is the area 
3h Bey of the figure ABCD. Then, if in 
3 EK, Tl¢ acting through the next 4 ft. the 
eI V7 force increases to 7 lb., the average 
é We Gy WH force will be 6.5 lb. and the work done 
i REGE SWZ = 6.5 X 4 or 26 ft.-lb., as represented 


by the area DCEF. If then the force 
in acting through the next 6 ft. de- 
‘work’ dia- creases uniformly to 5 lb., the average 
force will be 6 lb. and the work done 
= 6 X 6 or 36 ft.-lb., as represented 
by the area FEGH. Thus the area ABCEGHA represents the total 
work done by the varying force in acting through the total distance of 
14 ft. That is, total work done = 20 + 26 + 36 = 82 ft.-lb. 


262. The Area Under A Pressure-volume Graph Also 
Represents Work, as is explained below. The pressure- 
volume graph can readily be 
drawn for an expanding (or 
compressed) gas. Hence, the 
finding of the area under such 
a graph affords a convenient’ 
means for finding the work 
done by the gas during its 


So 
P 


0 vi 4 8 
pe amen Feet 


Fic. 250.—Force-distance ‘ 
gram for a varying force. 


Initial Position 
é of Piston: ‘ 


Final Position 
of Piston-- 


expansion or on the gas during 
its compression. 


EXPLANATION.—Assume that 
(Fig. 251) a cylinder is fitted with 
a tight-fitting piston between 
which and the end of the cylinder 
there is a volume, Vi, of 2 cu. ft. 
of a gas at a pressure of 5 lb. per 
sq. ft. abs. Assume that, by heat- 
ing, the gas is caused to expand at 
constant pressure to a volume, V2, 
of 8 cu.ft. Plot, as shown by the 


r Sq.Ft. 
ne 


oO 


~~ 


Pressures in Lb. 


per 


Volumes in Cu. Ft. é 


Fig. 251.—Pressure-volume work dia- 
gram showing work done by expansion. 
(Absolute pressure in cylinder is assumed 
to remain constant.) Work done = Vol- 
ume X Pressure = (8 — 2)X5=6X 
5 = 30 ft.-lb. 


lower diagram in Fig. 251, pressures along the vertical scale AB and 
volumes along the horizontal scale AC. The line ab will represent the 
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expansion of the gas. Since each unit of volume represents 1 cu. ft., 
each division such as ac which represents 1 cu. ft., must also represent a 
certain distance through which the piston was moved. If the area of 
the piston in square feet is denoted by the symbol Ap, then ac will 
denote a distance of: 1 cu. fl. + Ap sg. fl. = 1/Ap ft. Also, since a 
pressure of 1 lb. per sq. ft. is represented by each vertical division on 
the graph, each division such as ea must also represent a certain force 
on the piston. This force is pressure X area = 1 X Aplb. Hence, each 
square of the area, W, such as acde, must (see explanation under Sec. 261) 
represent (1/Ap) X (1 X Ap) = 1 ft. lb. Therefore, the work done by 
the expanding gas is represented by the area zaby or 5 X 6 = 30 ft.-lb. 
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Fia. 252.—Pressure-volume work diagram with falling pressure. (Work Done 
Volume X Pressure = (8 — 2)X5=6 X 5 = 80 ft.-lb. 


Norr.—Tue Area Unpir A PRESSURE-vOLUME GRAPH ALSO REPRE- 
SENTS Work WHEN TuE Pressure Is Not Constant.—Thus, if the 
pressure behind the piston of Fig. 251 had varied as shown by the line 


Fie. 253.—Work ‘diagram with rising and ~ 1 ERerage Heghts. 
falling pressures. Since the areas under #6 
each of the lines ac, cd, de, etc. are each 1 B Le F . | | 
unit wide, the work done along each line (ac, a Mh 
cd, etc.) in foot-pounds is numerically equa) 1 a 
to the average height shown. oe oe ao AN ING | 
work done may be computed thus: e iB SI wWa WTS 
average height of strip ac32 = (8 + 4) + 2 = : HAENAVAN 
3.5; of cd43 = 4; of deb4 = (44+ s = 2 cltlets ) BeNEN sf id 
4.5; of ef65 = 5; of fg76 = (5+ Fa i! . 7 4 VW XJ 
4; ore ie = 38. Hence, for this diagram, o | EAA | 


the average pressure = (38.5 +4+ 4.5 +5 a 
4+ 3) +6 =41b. persg. ft. The horizonta 
length of the diagram indicates: displacement volume = 8— 2 = 6 cu. ft. Hence, as 
‘indicated by the hatched area of the diagram, work done = pressure X volume = 4 X 


6 = 24 ft.-lb.) 


Volumes in Cu. Ft. 


ab in Fig. 252, then the average pressure would have been 5 lb. per sq. 
ft. as indicated by the dashed line a:b; and the work done would be repre- 
sented by the shaded area of 30 ft.-lb. The finding of the work done for 
different variations of the pressure is shown in "igs. 253 and 254. Where 
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greater accuracy is required than can be obtained by using vertical 
strips 1 cu. t. wide, the diagram may be divided into strips each having 
a width of only a fraction of 1 cu. ft. as in Fig. 255. For the greatest 
accuracy, a planimeter or area-measur- 
ing instrument is employed (see the 
author’s ‘Steam Engine Principles 
and Practice’’ and also Sec. 503). 


Fie. 254.—Work diagram with con- 
tinuously varying pressure. The number of 
foot-pounds represented by each vertical strip 
is found exactly as in Fig. 253. As repre- 
sented by the hatched area: Total work done 
= Pressure X Volume = [(4.6 + 5.3 + 5.3 

6 T 8 9 +5+44.4 + 3.5) + 6] X (8 — 2) = 4.68 X 
SU 6 = 28.1 ft.-Ib. 


Pressures in Lb. per Sq, Ft. 


Notrs.—In THERMODYNAMIC CompuUTATIONS, VOLUMES ARE ALWAYS, 
Un tess OTHERWISE SPECIFIED, TAKEN IN Cusic FEET AND PRESSURES 
In Pounps Per SquaRE Foot. This is to insure that the work values 
which result from the computations will be in foot-pounds. Why this 
is true may be understood from a consideration of the following 
derivation. 

Fie. 255.—Another pressure-volume work 
diagram. The work diagram is divided into - 600 
strips each 14 cu. ft. wide, the average height 5500 
of each strip being indicated. The work = 
represented by each strip is therefore equal to 8.400 
(34 the average height of the strip) ft.-lb. 5 390 
The total work done, which is represented by = SF 
the hatchted area, may be computed thus: 3 200 
Average pressure = (460 + 520 + 535 + 510 ce 
+ 450 + 375 + 320 + 280) + 8 = 431.25 1b. = $8 
per sq. ft. Displacement volume = 4 cu. ft. & 1 20m 3 
Hence, total work done = Pressure X Volume VicO ne, 10 he) Sistine Gut ath 
= 431.25 X 4 = 1,725 ft.-lb. 


263. To Compute The Work Done By The Expansion, Or 
In The Compression, Of A Gas Or Vapor When The Average 
Pressure And The Initial And Final Volumes Are Known, use 
the following formulas: 

By expansion: 


20 
$539 
510: 


So we, 
AER 
a, 


4 
SiS 


(167) W = P(V2—NV1) (foot-pounds) 
By compression: 
(168, W = P(Vi-—Vs2) (foot-pounds) 


Wherein: W = work done by the gas or vapor in expanding or 
done on the gas or vapor in compressing it, in foot-pounds. 
P = average absolute pressure exerted by (or on) the gas 
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during its expansion (or contraction), in pounds per square 
foot; this is the average of all of the pressures—not merely the 
mean of the initial and the final pressures. V2 = final volume 
of the gas, in cubic feet. V, = initial volume of the gas, in 
cubic feet. 


Exampies.—See Figs. 215, 252, 253, 254 and 255 for examples which 
illustrate the application of the above formula. Certain of these illus- 
trations also show how the average absolute pressure, P, is computed. 

DerivaTion.—When the piston (Fig. 245) stands at M, the volume of 
space between the piston and the cylinder head may be expressed by :— 


(169) Vi, = Ali (cubic feet) 
Wherein: V; = the volume, due to position M, in cubic feet. A = 
the area of the piston, in square feet. 2, = the distance, due to position 
M, between the piston and the cylinder head, in feet. When the piston 
is moved to N, then the volume of space between the piston and the 
cylinder-head may, similarly, be expressed by: 

(170) V2 = AL, (cubic feet) 
Wherein: V2 = the volume, due to position N, in cubic feet. Ly, = 
the distance due to position NV, between the piston and the cylinder head, 
in feet. Now, the average force exerted in moving the piston from M 
to N may be expressed by :— 

(171) All (pounds) 
Wherein: F = the average force, in pounds, exerted against the piston. 
P = the average pressure against the piston, in pounds per square foot. 
A = piston area, in square feet, as before. Now, the work which is 
done, due to the movement of the piston against an external force, may 
be expressed by: 

(172) W = F(L2 — 1h) (foot-pounds) 


Wherein: W = the work done, in foot-pounds. (L2 — Li) = the distance 
through which the piston moves, in feet. # = the average pushing force, 
in pounds, as above. Now substituting for F in For. (172), its equivalent 
AP from For. (171) there results: 


(173) W = AP(L, — I) = P(AL, — ALi) (foot-pounds) 
Now substituting in For. 173 for AL: and Al, their equivalents V2 

and V; from Fors. (170) and (169), there results: 

(174) W = P(V2 — Vi) (foot-pounds) 


which is For. (167). By asimilar process of reasoning For. (168) for com- 
pression may be derived. 

Notr.—Tue ImMacinary Grapu OF Fig. 252 and certain others which 
immediately precede and follow, are included only to illustrate the gen- 
eral principle under discussion. The values obtained by the actual 
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expansion of gases and in heat engine practice are always, as will be 
shown, such that that they will not plot into simple straight-line graphs. 


264. The “Effective Work” Done By An Expanding Gas 
is equal to the total work minus the back-pressure work. 
The discussion of the preceding sections concerned only the 


total work as do most of the following sections. 
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Fia, 256.—Pressure-volume diagram for 
gas expanding in atmosphere at 5 lb. per 
sq. in. gage constant pressure. 


However, 
as is explained below, when a 
gas expands behind a piston 
the other side of which is 
subject to atmospheric or 
other pressure, then only a 
portion of the work done by 
the gas on the piston, is 
effective in doing useful work 


EXpLANATION.—Suppose that 
the piston of Fig. 251 is subjected 
at its right or open end to atmos- 
pheric pressure and that the pres- 
sure of the expanding gas within 
the cylinder remains 5 lb. per sq. 
in. gage during the expansion. 
Then the work diagram for the 
expansion will be as represented in 
Fig. 256. A total pressure RP 
due to the expanding gas is tend- 
ing to force the piston to the right, 
but a pressure RQ is tending to 
force the piston to the left. The 
total shaded area (17,280 ft. lb.) 
then represents the total work done 
by the expanding gas but the lower 
portion of the area represents work 
done (12,960 ft.-lb.) in overcoming 
the resistance of the atmosphere 
and only the upper portion of the 


area (4,320 ft.-lb.) represents the work available or “effective” for over- 


coming additional resistances. 


Hence, the lower area is called the 


back-pressure work, whereas the upper area is called the effective work. 


Their sum is called the total work. 


Note that, when the pressure is plotted in pounds per square inch, 
the work is found by multiplying the product of the pressure and the 
volume change by ‘144’ which is the number of square inches in 1 Sq. 


ft 
sq. in. or 144 lb. per sq. ft. 


Each unit of height on the graph represents a pressure of 1 lb. per 
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265. The Specific Heat Of A Gas May Have Any Value 
whatsoever depending on how much work the gas is permitted 
to do as it is heated. See Sec. 88 for the definition of “specific 
heat.” As was explained in Sec. 259, the heat which is added 
to a gas can be expended in either or both of two ways—in 
raising its temperature and in doing external work. Hence, 
the quantity of heat that must be added to each 1 lb. of a gas 
as its temperature is increased 1° F. (its specific heat) consists 
of two parts—(1) The vibration heat. (2) The external-work 
heat. The vibration heat is always the same for 1 lb. of a 
given gas heated through 1° F. but, as will be shown, the 
external-work heat will depend on the quantity of work that 
the gas is permitted to do while its temperature is being raised. 
Since the gas may expand in any number of ways or may be 
compressed while it is heated, it follows that, as above stated, 
the specific heat may have any value whatever. Certain 

principal values of the specific heats of 
-{femper gases will be discussed in following 
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Fie, 258.—‘‘Work diagram’”’ for a constant- 
volume, pressure and temperature change —(10 cu. 


Fie. 257.—Heating ft. of gas at 5 lb. per sq. ft. absolute and 200° F. 
a gas which cannot absolute = 10 cu. ft. of gas at 20lb. per sq. ft. 
expand and hence can absolute and 800° F. absolute, but no external work 
do no external work. is done). 


266. The Specific Heat Of A Gas When Its Volume Is 
Maintained Constant, Fig. 257, is a very useful value. It will 
be represented by Cy and referred to as specific heat at constant 
volume. By Charles’ law (Sec. 237) the pressure of a given 
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weight of gas, when heated in a constant volume, varies directly 
as its absolute temperature. Hence, the pressure-volume graph 
for a constant-volume heating is a vertical straight line FE, 
Fig. 258, under which there is no area. This is as may be 
expected for, when a gas does not expand its volume does not 
change and hence it does no work. Therefore all of the heat 
added to a gas at constant volume is vibration heat and is 
effective only in raising its temperature. The specific heats 
of various gases at constant volume are given in Table 251. 
267. The Specific Heat Of A Gas When Its Pressure Is 
Maintained Constant, Fig. 259, is another very useful value. 


: Pressure Gages 
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Fic. 259.—Heating a gas at constant pressure—gas expands as it is heated and does 
work in moving the piston upward. 


It will be represented by Cp and will be referred to as spectfic 
heat at constant pressure. More heat is required to heat a gas 
through 1° F. at constant pressure than at constant volume 
because at constant pressure the gas expands, Fig. 259, and 
does external work. Enough heat must be added to increase 
the temperature and, besides this, the heat equivalent of the 
external work must also be added. It isinteresting to note that 
for a given gas, Cp is independent of the pressure under which 
the gas is heated (see example below). 


Src. 267] HEAT PHENOMENA OF GASES 233 


ExampLe.—lIf 1 lb. of air at 32° F. is confined in a volume of 1 cu. ft., 
it will, by For. (146), be under a pressure of 26,250 lb. per sq. ft. abs, 
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Fie. 260.—Showing how the specific heat of a gas at constant pressure is a constant 
for all pressures. (In each case the weight value indicated is the total weight on the 
gas including weight of piston and atmospheric pressure. ) 


(Fig. 260-7). As the air is heated at con- 
stant pressure to 132° F. its volume will 
increase to 1.203 cu. ft. (Fig. 260-/J). 
Hence, the external work done by the gas = 
(pressure) X (volume change) = 26,250 X 
0.203 = 532 ft.-lb. Therefore, the heat added 
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Fie. 261—When a gas Fie. 262.—When a gas is simultaneously 
expands and is heated sim- cooled and compressed at such rates that 
ultaneously at such rates its temperature remains constant during 
that its temperature remains the process, its specific heat is infinite. 


constant, its specific heat is 
infinite. See also Fig. 262. 


=. Cy (T2 — T;) + (532/778) = 0.171 X 100 + 0.684 = 17.784 B.t.u. 
If, however, the 1 lb. of air at 32° F. occupied a volume of 8 cu. ft., 
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its pressure would be 8,750 lb. per sq. ft. (Fig. 260-IIJI). On being 
heated to 132° F. it would expand to 3.609 cu. ft. (Fig. 260-IV) 
and the external work done = 8,750 X 0.609 = 532 ft.-lb. as before. 
Hence 17.784 B.t.u. must have again been added in passing from [JI 
to IV. 

Nors.—Oruer Vauurs For Tue Speciric Heat Or A Gas May 
Bre Founp Wuen Tue PressurE AND VoLtuME Or TuE Gas Bots 
Vary during achange. Thus, if the gas is permitted to do external work 
at the same rate as that at which heat is added to it, Fig. 261, then the 
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KWo Inflow Or Outflow Of Heat 
Fia. 263.—Specific heat is zero when Fie. 264.—When a gas is heated 
a gas is compressed without loss or gain and expanded simultaneously at 
of heat (adiabatic compression). such rates that the temperature is 
decreased, the specific heat is 
negative. 


temperature remains constant in spite of the addition of heat (see example 
under Sec. 259). In such a case the specific heat is infinite for, no matter 
how much heat is added, the temperature does not rise. (See also Fig. 
262.) Furthermore, if a gas is compressed while no heat is added or 
abstracted from it, lig. 263, then its temperature willrise. Thus, no heat 
is required to effect the temperature rise and the specific heat is zero. 
Furthermore, a gas may be heated and expanded at such rates (Fig. 264) 
that its temperature actually decreases. In such a case more work is 
done than the equivalent of the heat energy added to the gas; the specific 
heat is negative because the temperature decreases in spite of a heat 
addition, So it is evident that the specific heat of a gas may have any 
value whatsoever. 


268. The Energy Relations During Condition Changes Of 
Perfect Gases will now be considered. These energy rela- 
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tions are important principally in the study of gas cycles (Div. 
12) for, as will be shown, all gas cycles are made up of anumber 
of condition changes. The condition changes which gases 
undergo in actual gas cycles are principally those during which 
the specific heat of the gas has a constant value. Although 
condition changes are frequently spoken of as expansions and 
compressions, there is one form of condition change which is 
neither an expansion nor a compression—that is, the constant- 
volume change. Hence, the terms expansion and contraction 
should only be used for such condition changes during which 
the volume of the gas is actually changed. 


Norr.—Conpition Cuances May Occur In Any Manner—in an 
infinite number of ways. The condition changes of which gas cycles are 
considered as being ideally composed (Div. 12) are, however, such as 
occur when some property of the gas, such as its volume, pressure, tem- 
perature, or specific heat remains constant, or when no heat is trans- 
ferred to or from the gas. As will be shown, in all of these cases the 
specific heat may be considered as having some constant value during 
the change—different for each change. Hence, broadly, the changes 
here discussed are all constant-specific-heat changes. Furthermore, 
during the changes here treated all of the volume of the gas is to be con- 
sidered as being at the same pressure and temperature, as would occur 
when the gas is confined in a cylinder whose volume is varied by a mov- 
able piston. Changes which a gas undergoes when a portion of it exists 
at a higher pressure or temperature than some other portion, do not follow 
the laws here given. Such changes would occur when a gas is partly 
confined in one vessel at a high pressure and the remainder is in another 
vessel at a lower pressure, the two vessels being connected by a small 
opening through which the gas is flowing. In such a case there is always 
more or less throttling (note under Sec. 260) or internal friction in the gas 
—the following discussion does not apply to such frictional processes. 
Changes which occur in heat-engine cylinders are always practically 
“frictionless;” that is, they occur with practically no internal friction. 

Norzt.—Tue Auersraic Sians Or Enercy Quantities For Gass 
Witt Be DererMINneD Tuus: (1) Heat (Q) is considered positive when 
it is added to a gas; negative when it is abstracted from the gas. (2) 
External work (Wz) is considered positive when the gas expands; negative 
when the gas is compressed—when external work is done on the gas. 
(3) Vibration work (Wy) is considered positive when the temperature of 
the gas is raised; negative when the temperature of the gas is lowered. 


269. The Energy Relations During A Condition Change At 


Constant Volume—An Isometric Change—are quite simple. 
By the definition of specific heat at constant volume (Sec. 266) 
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the heat exchange to or from the gas is the product of the 
weight, temperature change, and specific heat at constant 
volume of the gas—see For. (175) below. Now, since during 
a constant-volume change no external work is done (Fig. 258), 
all of the heat added to or abstracted from the gas is effective 
in changing the temperature of the gas—that is, in doing 
vibration work. The formulas for these relations are: 


(175) Q WC,(T2—T1) (B.t.u.) 
(176) Wz =0 (external work) 


By multiplying For. (175) by “778,” which is the number of 
foot-pounds in 1 B.t.u., there results: 


(177) Wy.= T78WC,(T2 — Ti) (foot-pounds) 


Wherein: Q = the heat added to the gas, in British thermal 
units. W =the weight of the gas, in pounds. Cy = the 
specific heat of the gas at constant volume; see Table 251. 
T, and T, = respectively, the final and initial temperatures 
of the gas in degrees Fahrenheit. Wz = the external work 
done by the gas. Wy = the vibration work done by the gas, 
in foot-pounds. See notes under Sec. 268 concerning the 
algebraic signs of the energy quantities and also as to the 
manner in which the changes are assumed to occur. 


Norr.—PracticaL Exampites Or Isomerric CHANGES may be 
stated thus: (1) The heating or cooling of a given weight of gas which is 
enclosed in a strong tank or receiver. (2) The heating (explosion) of a gaseous 
mixture in an internal-combustion-engine (Otto-cycle, Div. 12) cylinder; 
this process actually differs slightly from a strict isometric change because 
it is accompanied by a change in chemical composition of the gas—but it 
is often considered as an isometric condition change, see example below. 
The volume of the gases in the cylinder remains practically constant 
during the very short time interval occupied by the explosion. 

Exampie.—Suppose that an internal-combustion-engine cylinder con- 
tains 14 lb. of gas at 120° F. and that this gas is ignited by an electric 
spark. What will be the final temperature if 65.8 B.t.u. are liberated by 
the explosion and if Cy for the mixture remains approximately 0.175 
throughout the process? Sotution.—By transposing For. (175), there 
results: T2 = (Q/WCy) +71 = [65.8 + (0.2 X 0.175)] +120 = 
2,000° F. : 

Exampie.—lIf 1 lb. of a perfect gas is heated at constant volume 
through 1° F., Fig. 265, and if the specific heat of the gas at constant 
volume is 0.30, what quantity of heat is added, and what amounts of 
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external work and work in raising the temperature (vibration work) are 
done? Soxtution.—By For. (175), the heat added = Q = WCr(T: — 
T1) = 1 X 0.30 X 1 = 0.80 B.t.u. By For. (176), the external work = 
Wz = 0. By For. (177), the 
vibration work = Wy = 778WCy(T,2 TG OSE OF eel 
— T;) = 778 X 0.30 = 233.4 ft.-lb. Z 

ExampLte.—How much heat is 
added to 8 lb. of oxygen contained 
in a strong tank in raising its tem- 
perature from 70° F. to 500° F. (the 
volume of gas kept constant during 
the heating)? How much external 
work is done and how much work 
in raising the temperature (vibra- 
tion work)? Soxution.—From 
Table 251, Cy for oxygen is 0.155. 
Hence, by For. (175), the heat 
added = Q = WCy(T2 — T:) = 8 
X 0.155(500 — 70) = 5383.2 B.t.u. 
By For. (176), the external work 
= Wz=0. By For. (177), the vee 
vibration work = Wy = 778WCy- Fig. 265.—Specific heat at constant 
(T. rs T) = 9778 52" 633.0 = volume is 0.30. What are the energy 


414,829.6 ft.-lb. ra 

270. The Energy Relations During A Condition Change At 
Constant Pressure—An Isobaric Change—are given by the 
following formulas which are derived as shown below: 


Constant 
Volumes; 5 


Fire-? 
Active” 


(179) We = P(V2— Vi) | (ft.-lb.) 
or 

(180) We = 778W (Cp ae Cy)(T2—T1) (ft.-lb.) 
(181) We = Whe(T2 — T1) (ft -lb.) 
(182) Wy = 778WCy(T» ian T1) (ft.-lb.) 


Wherein: Q = the heat added to the gas, in British thermal 
units. W = the weight of the gas, in pounds. TJ. and T, 
= respectively, the final and initial temperatures of the gas, 
in degrees Fahrenheit. Wz = the external work done by the 
gas, in foot-pounds. P = the pressure exerted by the gas 
during the change, in pounds per square foot absolute. V2 
and V; = respectively, the final and initial volumes of 
the gas, in cubic feet. C, and Cy = respectively, the specific 
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heats of the gas at constant pressure and at constant volume; 
for values see Table 251. ka = the gas constant (See. 247). 
Wy = the vibration work done on the gas, in foot-pounds. 
See the notes under Sec. 268 regarding the algebraic signs of 
the energy quantities and also as to the manner in which 
the changes are assumed to occur. 


Derrvation.—By the definition of the specific heat at constant 
pressure (Sec. 267), the quantity of heat added to the gas is as shown by 
For. (178). Also, by Sec. 263, the work done during a constant-pressure 
expansion is equal to the pressure times the volume change—as shown 
by For. (179). Now, the vibration work done on a gas depends only on 
its weight and temperature change. Hence, for a given weight of any 
gas, when heated through a given temperature range, the vibration work 
will be the same regardless of how the pressure and volume vary. There- 
fore, the vibration work for all condition changes, is as given by For. (177) 
which is the same as For. (182). Since, for a perfect gas, the heat added 
is effective in doing only vibration and external work (Sec. 259), 


(183) 778Q = Wy + We (ft.-lb.) 
or, transposing: 

(184) Wr = 778Q — Wy (ft.-lb.) 
Now, substituting in For. (184) from Fors. (178) and (182), there results 
(185) We = 778WCp(T2 — Ti) — 778WCy(T2 — T1) (ft.-lb.) 


which simplifies to the form of For. (180). 


By the general gas law, For. (145), PVi = WkeT; and PV; = WhkeT:2. 
Also, For. (179), when expanded becomes: 


(186) Wes = PV2 —PYVi (ft.-lb.) 
Now, substituting in For. (186), the values from For. (145), there results, 
(187) We = WkeT2 — WhkeTi (ft.-lb.) 
or, simplifying: 

(188) We = Wke(T2 — T1) (ft.-lb.) 
But, it is a fact that: 

(189) T, -—-T,=72. -—T1 (deg. fahr.) 
Hence, 

(190) We = Wke(T2 — T1) (ft.-lb.) 


which is the same as For. (181). 

Norn.—Practicat Appiications Or Isoparic CHanass are: (1) The 
heating or cooling of a gas which is under constant pressure such as atmos- 
pheric pressure and which is not wholly confined—as, for example, the gas 
in a balloon, the combustion gases in a boiler furnace, or the air which 
cools an automobile radiator. (2) The expansion in an oil engine while 
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the charge of oil is burned in the cylinder as the piston moves in the cylinder— 
this expansion is only sometimes isobaric, it may be quite different; 
this is not strictly a condition change because it is accompanied by a 
chemical change in the gases. 

Exampier.—How much heat is added to each 100 lb. of air which passes 
through a boiler furnace as its temperature is increased from 70° F. to 
500° F.? SoLurion.—By Table 251, for air, Cp = 0.241. Hence, by 
For. (178), the heat added = Q = WCp(T2 — T:) = 100 X 0.241 Xx 
(500 — 70) = 10,350 B.t.u. 

Examp.te.—How much heat must be added to 5 lb. of nitrogen to 
increase its volume from 45 cu. ft. to 100 cu. ft. at the constant pressure 
of 25 lb. per sq. in. abs.? How much external work is done by the 
expanding gas and how much (vibration) work is done in raising the 
temperature? Sotution.—For nitrogen, the value of kg is, by Table 
251, 54.90. Also, Cp = 0.247 and Cy = 0.176. The initial temperature 
of the gas is, by For. (148), T, = PV,/Wkg = (25 X 144) X 45 + 
(5 X 54.99) = 498° F. abs. or 38° F. The final temperature = T, = 
(25 X 144) X 100 + (5 X 54.99) = 1,309° F. abs. or 849° PF. Hence, 
by For. (178), the heat added = WCp(T, — T;) = 5 X 0.247(849 — 
38) = 1001.6 B.t.u. By For. (179), the ezternal work = Wz =P(V2 — 
Vi) = (25 X 144)(100 — 45) = 198,000 fz-lb. By For. (182), Wy = 
778WCy(T2 — T;) = 778 X 5 X 0.176(849 — 38) = 555,248 ft.-lb. 

Exampiy.—lIf 3 lb. of oxygen is ex- err 
panded at constant pressure by increas- DALAM a 
ing the temperature from 85° F. to 100° ~— US TT 


F. (Figs. 266 and 267), find how much || hee 


heat is added, how much external work 
ne 
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Fie. 266.—Oxygen gas (3 lb. at Fie. 267.—Conditions after the 
85° F.) ready to be expanded under expansion of 3 lb. of oxygen gas 
constant pressure. under constant pressure by heating 


from 85° F. to 100° F. 


is done, and how much (vibration) work is done in raising the tempera- 
ture. Sonution.— From Table 251, the following values are found for 
oxygen: Cp = 0.217. Cy = 0.155. kg = 48.25. Hence, by For. (178), 
the heat added = Q = WCx(T, — T:) = 3 X 0.217 X (100 — 85) = 
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9.765 B.t.u. Also, by For. (181), the external work = We = Wke(T2 
— T;) = 3 X 48.25 X (100 — 85) = 2,171.25 ft.lb. And, by For. 
(182), the vibration work = Wy = 778WCy(T2 — T1) = 778 X3X 
0.155 X (100 — 85) = 5,426.55 ft.-lb. 
Exampip.—Assume that 10 cu. ft. of a certain gas at 32° F. exerts a 
pressure of 10 lb. per sq. ft. abs. (Fig. 268). Compare the external work 
done in expanding the gas at constant 
Constant-Pressure (te ete pressure to 15 cu.ft. with that done 


Contraction Line-, : 
& : by compressing the gas at constant 
a5 pressure to 5 cu. ft. SoLuTion.—In 
& expanding the gas, by For. (179), the 
Zo : a external work = Wz = P(V2 — Vi) 
S = 10(15 — 10) = 50 ft.-lb. In com- 
S fori or : 
8 boneless Dove pressing the gas, the external work = 
Be antrocti expan We = P(V: — Vi) = 10(5 — 10)= 
3 | —50 ft.lb. The negative sign indi- 
Bo 5 EAN 5 cates that work is done on the gas. 
en Ore GeO ogee nus, numerically the same amount 


Absolute Temperatures of work is done in the two cases—as 


Fie, 268.—Work diagram showing is shown by the equal areas A and B 
constant-pressure expansion and con- jn Fig. 268. 
traction (10 cu. ft. of gas at 10 lb. per 


sq. ft. absolute, and 492° F. absolute = : 
15 cu. ft. of gas at 10 lb. per sq. ft. 271. The Energy Relations 
absolute, and 738° F. absolute = 5 cu. During A Condition Change At 
ft. of gas at 10 lb. per sq. ft. absolute, ae 
fe pee Constant Temperature—An 
Isothermal Change—may be 
found by the following formulas which are derived as shown 
below. The pressure-volume relations for an isothermal 


change are governed by Boyle’s law, For. (108). 
Ve 


(191) Wa = PaV, log. 7 (ft.-lb.) 
1 
(192) We = P,V; log. = (ft.-Ib.) 
2 
(193) We = Wick oe (ft.-Ib.) 
1 
W 
(194) = 778 (B.t.u.) 
(195) Wy =0 (work) 


Wherein: Q = the heat added to the gas, in British thermal 
units. P,and P, = respectively, the initial and final pressures 
of the gas, in pounds per square foot absolute. Vi and V2 = 
respectively, the initial and final volumes of the gas, in cubic 
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feet. W = the weight of the gas, in pounds. kg = the gas 
constant (Sec. 247). T = the temperature of the gas, in 
degrees Fahrenheit absolute. Wz = the external work done 
by the gas, in foot-pounds. Wy = the vibration work done on 
the gas. Log, = the natural Isgthermal Curve 
logarithm of the number ,_ sp-ooysas 
following the symbol. The 
natural logarithm of anumber 
is approximately 2.303 times 


Adiabatic, Curve 
for Air-. 


$sures in Any Pressure Unit 


the common logarithm of the Py 4 
same number. See the notes aaa PEN | 
under Sec. 268 regarding the mmEEE 7077 50 H 
ee s G54 
algebraic signs of the energy é sHELEte Ge H 
e,e © f bia 
quantities and also as to the Easoerrt tive Dine AE H 
manner in which the changes 2 HW LAA ATH 
< 9 COO SOS ATT} 
are assumed to occur. 8 10 2 


Volumes in Any Volume units 
e Denrvation.—Since, during an Fria. 269.—Isothermal or constant-tempera- 
isothermal change, the temperature ture expansion graph. 

remains constant, none of the heat i 

added is effective in doing vibration work. This may also be shown by 
placing 7, = 7; in For. (177) which, as has been stated, applies to any . 
condition change. This relation is stated by For. (195). Now, For. 
(166) states that, for any heat transfer: 


(196) Q=Qr+Qn4+Qz (B.t.u.) 
Hence, since for a perfect gas Qp = 0 (as proved under Sec. 258) and 
since for an isothermal change Qy = 0, For. (196) becomes: 


(197) Q=Qz (B.t.u.) 
* and, since Qzg = Wz/778: 
(198) Q=n8 (B.t.u.) 


which is the same as For. (194). 
Now, the pressure-volume graph of an isothermal change is a curved 
line (Fig. 269). For a change from P,, Vi to P2, Vo, the area under the 
graph (the shaded area in Fig. 269) is found by the calculus to be 
expressed by the formula: 
(199) Area = P,V, log. e (area units) 
If, now, the pressures are expressed in pounds per square foot and the 
volumes in cubic feet, the area will represent the work done, in foot- 
pounds, as expressed by For. (191). 

For. (192) results from For. (191) by substituting for V2/V; its equiva- 
lent from For. (108). For. (193) results from For. (191) by substituting 

16 
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for P:V; its equivalent from For. (145). These substitutions may 
suggest to the reader still different ways of expressing For. (191). 

Norn.—TuHERE ARE No Practical APPLICATIONS Or IsoTHERMAL 
Gas Cuancrs.—The nearest approach to such a change would probably 
occur in an air compressor. In this machine water, which is circulated 
through a jacket surrounding the cylinder, carries away a large part of 
the heat which is developed by the work done on the air in compressing it. 
Isothermal changes are of value, however, because they constitute the 
ideal compression for air and other gas compressors and hence afford a 
goal in compressor design. 

Exampie.—lIf a certain gas exerts a pressure of 100 lb. per sq. ft. abs. 
when confined in a volume of 5 cu. ft. and is expanded isothermally to a 
volume of 22 cu. ft., how much external work is done and how much heat 
must have been added during the process? So.tution.—By For. (191), 
the external work = We = PiVi loge(V2/Vi) = 100 X 5 X log.(22 + 
5) = 500 X log. 4.4. From tables of logarithms, the common logarithm 
of 4.4 =log 4.4 = 0.643. Hence, loge 4.4 = 2.303 X 0.643 = 1.479. 
Hence, Wz = 500 X 1.479 = 739.5 ft-lb. By For. (194), the heat 
added = Q = Wa/778 = 739.5 + 778 = 0.95 B.t.u. 

Examp.E.—How much external work is done when 6 lb. of hydrogen is 
compressed at the constant temperature of 70° F. from a volume of 
144 cu. ft. to a final volume of 12 cu. ft.? How much heat must be 
abstracted? SoLution.—By Table 251, for hydrogen, kg = 765.9. By 
For. (193), the external work = Wz = Whe loge(V2/Vi) = 6 X 765.9 X 
loge(12 + 144) = 4,595.4 X log.({2). From a table of logarithms the 
common logarithm of K» = log (K2) = — 1.079. Hence log. (M2) = 
2.303 X (—1.079) = —2.482. Hence, We = 4,595.4 X (—2.482) = 
—11,406 ft.-lb. Hence, 11,406 ft.-lb. of work must be done on the gas. 
By For. (194), the heat added = Q = Wz/778 = —11,406 + 778 = 
—14.66 B.t.u. Hence, 14.66 B.t.u. must be abstracted. 


272. The Energy Relations During A Condition Change - 
Which Involves No Heat Transfer—A Frictionless Adiabatic 
Change (which is the same as an isentropic change, Sec. 385), 
(Figs. 270 and 271)—may be found by the following formulas 
which are derived below. Th2 pressure-volume relations for 
and adiabatic change (Sec. 275) are based on these energy 
relations. 


(200) Q=0 (heat) 
(201) Wie: NA Bore: (ft.-Ib.) 
(202) We = T78WCy(T1 — T2) (ft.-Ib.) 
(203) Wy = —We (ft.-Ib.) 
(204) Wy = T78WCy(T2 — Ts) (ft.-Ib.) 
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Wherein: Q = the heat added during the change. Wy = the 
external work done by the gas, in foot-pounds. Py and Py = 
respectively, the initial and final pressures exerted by the gas, 
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in pounds per square foot absolute. V,and V. = respectively, 
the initial and final volumes of the gas, in cubic feet. k = the 
ratio (Cp/Cy) of the specific heats of the gas at constant pressure 
and constant volume; values of k are given in Table 251. Cy 
= the specific heat of the gas at constant volume ; Table 251. 
T, and T = respectively, the initial and final temperatures 
of the gas, in degrees Fahrenheit. Wy = the vibration work 
done on the gas, in foot-pounds. See notes under Sec. 268 
concerning the algebraic signs of the energy quantities, and 
concerning frictional processes. 

DerivatTion.—By the definition of an adiabatic process, there is no 
heat transfer between the gas and any external body. This statement 
is stated algebraically by For. (200). Also, For. (204) has been shown 


(Sec. 270) to hold for any condition change. Now, substituting in For. 
(196), the values Q = 0, and Qp = 0, there results: 


(205) Qz = -Qy (B.t.u.) 
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Hence, it follows that: 
(206) Wz = —Wy (Ft.-lb.) 
which is the same as For. (203). Substituting in For. (206) the value of 


Wy from For. (204), there results For. (202). 
By For. (145) transposed, 


a Pale 
(207) WT: = Ve 
and 
_ PV. 
(208) WT, = as 


Now, For. (202) may be written thus: 
(209) We = 778Cy(WT: — WT2) (ft.-lb.) 
Which becomes, by substituting from Fors. (207) and (208): 


(210) ive TBCY (P, Vue (ft.-Ib.) 


Now, by comparing Fors. (180) and (181), it is evident that 


(211) ke = 778(Cp — Cr) 
Hence, 
(212) Luis 1 


ke Cp = Cy 
Or, by multiplying For. (212) by Cy 


778Cyv Cy 
(218) ke Cp —Cy 
or, 
778Cy _ il 
(214) aaa Gra ; 
Cy 
If the fraction ms is denoted by k, then For. (214) becomes: 
778Cv 1 
(235) ke k —1 


Substituting this in For. (210), there results: 


(216) We = 4 (Pis — Pas) (ft-Ib.) 
which is the same as For. (201). 


Norse.—Occurrences Or ApraBpatic CHances In PRAcTICH are, 
strictly speaking, never found. Quite close approaches to adiabatic 
processes are, however, found in: (1) / nternal-combustion engines. (2) Air 
and other gas compressors; the compressions in these machines are gen- 
erally more nearly adiabatic than they are isothermal, Sec. 271. (3) 
Compressed-air engines. Adiabatic expansions are the ideal expansions 
(see Div. 12) for heat engines. 
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Examp.te.—How much work is done by carbon-monoxide gas in 
expanding adiabatically from a pressure of 100 lb. per sq. in. abs. and a 
volume of 5 cu. ft. to a pressure of 20 lb. per sq. in. abs. and a volume of 
15.6 cu. ft.? SoLrution.—By Table 251, the value of kg for carbon 
monoxide is 1.41. Hence, by For. (201), the external work = Wz = 
(PiVi — P2V2)/k — 1 = [(144 X 100 X 5) — (144 x 20 X 15.6)] + 
(1.41 — 1) = (72,000 — 44,920) + 0.41 = 65,270 ft.-lb. 

Exampie.—How much work is done in compressing 7 lb. of acetylene 
adiabatically from 70° F. to 300° F.? Sonurion. —By Table 251, the 
value of Cy for acetylene is 0.270. Hence, by For. (202), the ezternal 
work = We = 778WCy(T: — T2) = 778 X 7 X 0.270 X (70 — 300) = 
— 374,530 ft.-lb. Or, 374.530 ft.-lb. must be expended in compressing 
the gas. 


273. The Energy Relations, Accompanying A Condition 
Change During Which The Specific Heat Has Any Constant 
Value—A Polytropic Change—may be found by the following 
formulas which are derived below. The pressure-volume 
relations for a polytropic change (Sec. 275) are based on these 
relations. 


(218) Wage eek (ft.-Ib.) 
i ah 
(219) We = 778W(C — Cy)(T2—T1) (ft.-Ib.) 
Where, 
sone CP 
(221) Le emaron (a constant) 
(222) C= : — ee (specific heat) 


Wherein: Q = the heat added to the gas, in British thermal 
units. W =the weight of the gas, in pounds. C = the 
specific heat of the gas during the process. 7, and T, = 
respectively, the initial and final temperatures of the gas, in 
degrees Fahrenheit. P; and Pz = respectively, the initial 
and final pressures of the gas, in pounds per square foot abso- 
lute. V, and V2 = respectively, the initial and final volumes 
of the gas, in cubic feet. z = the external work done by the 
gas, in foot-pounds. Wy = the vibration work done on the 
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gas, in foot-pounds. n = a constant defined by For. (221). 
Cp and Cy = respectively the specific heats of the gas at 
constant pressure and constant volume. k = the ratio 
C,/Cy. See notes under Sec. 268 concerning the algebraic signs 
of the energy quantities and also as to the manner in which 
the changes are assumed to occur. 


DerivaTion.—The specific heat (C) is, by definition (Sec. 88), the 
number of British thermal units which must be added to 1 lb. of a sub- 
stance in order to raise its temperature through 1° F. Hence, to raise 
the temperature of W lb. of gas through (7. — 7,)° F., there must be 
added WC(T, — 71) B.t.u. as expressed by For. (217). Also, For. (220) 
expresses the quantity of vibration work done during any condition 
change. By Sec. 259, the added heat is always effective only in doing 
vibration work and external work. Hence, 


(223) We = 778Q — Wy (ft.-lb.) 
Or, substituting from Fors. (217) and (220) and simplifying, there results: 
(224) We = 778W(C — Cy)(T2 — T1) (ft.-lb.) 
which is the same as For. 219. This For. (224) may also be written: 

(225) We = 778W(Cy — C)(T: — T2) (ft.-lb.) 
(206) We = 778(Cy — C)(WT, — WT.) (ft.-lb.) 


But, substituting from Fors. (207) and (208), 


(227) Ee 
G 


(PiV; — P2V2)  (ft.-lb.) 


Now, since k = Cp + Cy, For. 222 may be written: 


_ nCy — Cp 
(228) Cc 
Or, subtracting both sides from Cy, 

A Cre 
Also, by For. (211), 
(230) kg = 778(Cp — Cy) 


Therefore, by substituting Fors. (229) and (230) into For. (227) there 
results: 


(231) Wr _ PV, oo P2V2 


n—1 


(ft.-Ib.) 


which is the same as For. (218). 
Notre.—OccurrRENcEs Or PoLytTropic CHaness IN PRACTICE are many. 
In practically all reciprocating machines, wherein gases are employed, 
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the expansions and compressions of the gases are, for all practical 
purposes, polytropic. Actually, the specific heat probably varies some- 
what during all gas expansions and compressions but, because of the 
short time interval which is generally consumed in one of these processes, 
the variation in any case is quite small. 

ExampLE.—If 1.5 lb. of hydrogen is compressed polytropically from 
15 lb. per sq. in. abs. to 500 lb. per sq. in. abs. at which pressures its 
volumes are 200 cu. ft. and 10.76 cu. ft. respectively, how much heat is 
added, external work done, and vibration work? The value of n is 1.2. 
Sotvution.—For hydrogen, by Table 251, Cy = 2.44, kg = 765.9, and 
k = 1.40. By For. (222), the specific heat = C = [(n —k)/(n — 1)] X 
Cy = [(1.2 — 1.40) + (1.2 — 1)] X 2.44 = (—0.20 + 0.2) x 2.44 = 
—2.44. Hence, by For. (218), the external work = Wz = (PiV: — 
P2V2)/(n — 1) = [(15 X 144 X 200) — (500 X 144 X 10.76)] = (1.2 — 
1) = (482,000 — 774,720) + 0.2 = —1,713,600 ft-lb. By For. (148), 
T, = PiVi/Wke = (144 X 15 XK 200) + (1.5 X 765.9) = 376° F. abs. 
Also, Tz = P2V2/Wke = (144 X 500 X 10.76) + (1.5 X 765.9) = 764.3° 
F. abs. Hence, by For. (217), the heat added = WC(T, — T;) = 1.5 X 
(—2.44) X (764.3 — 376) = —1,420.01 B.t.u. and, by For. (220), the 
vibration work = Wy = 778WCy(T2 — 71) = 778 X 1.5 X 2.44 X 
(764.3 — 376) = 1,105,676 ft.-lb. 

EXAMPLE.—TIf, in an air engine, 7 lb. of air expand in such a manner 
that n = 1.1 and the temperature is reduced from 100° F. to 40° F., how 
much heat is added or abstracted, how much external work is done, and 
how much (vibration) work in reducing the temperature? SoLtution.— 
From Table 251, for air, Cp = 0.241, Cy = 0.171, and k = 1.40. 
Hence, by For. (222), the specific heat = C = [(n — k)/(n — 1)] Cy = 
[1.1 — 1.40) + (1.1 — 1)] X 0.171 = —0.533. Therefore, by For. 
(217) the heat added = Q = WC(T2 — 71) = 7 X (—0.533) X (40 — 
100) = 223.9 B.t.u. Hence, 223.9 B.t.u. must be added. By For. (219), 
the external work = Wr = T78W(C — Cy)(T2 — T:) = 778 X 7 X 
(—0.533 — 0.171) X (40 — 100) = 230,000 ft.-lb. By For. (220), the 
vibration work = Wy = 778 WCy(T2 — 71) = 778 X 7 X 0.171 X (40 — 
100) = —55,900 ft.-lb. 


274. A Table Of Values Of The Polytropic Exponent n 
For Actual Machines is given below.—Since, by For. (221), n 
varies with the specific heat of the gas during a process, and 
since (Sec. 265) the specific heat may have any value whatso- 
ever, it follows that n may also have any value whatsoever. In 
actual machines, however, the values of n generally have some 
value intermediate between 1 and k—that is, the expansion or 
compression is intermediate between isothermal and adiabatic 
depending on the design and operation of the machine. The 
following values have been determined by experiment: 
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Type of machine Value of n Authority 


Air compressor—cooling by in- 


jection of water.......---+--- 1. 26-1.36| Ennis—‘‘ Applied Thermodynamics” 


Air compressor—cooling by water} seldom be- 


JACKebae sneuens sielerereesretsrseusiolen low 1.30 | Ennis—‘‘ Applied Thermodynamics” 
Hydraulic piston air compressors.| 1.23-1.28 Ennis—" Applied Thermodynamics” 


Gas engines expansion, large 


ENLINES jae eke te elatereneneceneteteneyshoue ie 


Gas engines expansion, small 


ONGINES wink orsie eisiera ole teleele re tenersn< iit 


Gas engines expansion, occasion- 


ally: as high’ as)... 0c... reel dy, 


25 


Ennis—‘‘ Applied Thermodynamics” 
Ennis—‘‘ Applied Thermodynamics” 


Ennis—‘‘ Applied Thermodynamics” 


Air compressors, water jacketed.| 1 


Air CNZINES. ... 5.00 .s-mee so ewes ees L. 


.25-1.35| Shealy—‘‘ Heat”’ 


3 -1.35| Shealy—‘‘ Heat” 


Air compressors, average value...| 1. 
Gas engines, compression stroke..| 1. 


Gas engines, expansion stroke 
(Generally) ern ioe ese cietesels eer 1 
Gas engines, expansion stroke 


SOMEONES. 66006 wale eine tes is 


Marks—'‘ Mechanical Engineers’ H. B.”’ 


25-1.35| Marks—‘‘ Mechanical Engineers’ H. B.”’ 


.30-1.50| Marks—‘' Mechanical Engineers’ H. B.”” 


Marks—‘‘ Mechanical Engineers’ H. B.”’ 


275. The Pressure-volume-temperature Relations For A 
Perfect Gas During Adiabatic Or Polytropic Processes may be 
found by the following formulas together with those of Sec. 
249, As the derivation of the following formulas involves the 
calculus, the derivations will not be here given. See notes 
under Secs. 272 and 273 for occurrences of adiabatic and 


polytropic expansions in practice. The formulas are: 


(232) Vas 
(233) PiVy" 
(235) V= 
(236) T. 


‘ 


Ke (constant) 
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n 


(238) pe 1 a 


1 

(239) Vs= Viz)" 
T» 

Wherein: P and V = respectively, the absolute pressure and 
volume of the gas at any point along the path, in any units. 
K =a constant. n =the polytropic exponent which is 
defined by For. (221); for adiabatic processes n = k = Cp 
/Cy. P and P, = respectively, the absolute pressure at a first 
and second instant during the condition change, in any units. 
Viand V2 = respectively, the volumes of the gas at the same 
first and second instants during the condition change, in any 
units. Ti and Te. = respectively, the absolute temperatures 
of the gas at the same first and second instants during the 
condition change, in any units. 


Note.—Tue ApriicaTion Or THE Aspove FormuLAS GENERALLY 
Invotves Tue Use Or Logaritums.—Although Fors. (234) to (239) can 
frequently be solved readily by using special slide-rules, the use of log- 
arithms is more common and will be used in the following examples. 
The problems should serve to explain the method of solving problems 
involving fractional exponents. 


Exampue.—Find the final pressure when air in an air engine is ex- 
panded adiabatically from a volume 1 cu. ft. at 115 lb. per sq. in. abs. to a 
final volume of 6 cu. ft. SoLturion.—From Table 251, k for air = 1.40. 
Hence, by For. (234), the final pressure = P2 = Pi(Vi/V2)" = 115 X 
(1 + 6)!4° = 115 X (0.166,7)!-4°. To find the value of (0.166,7)!-*, 
first find the logarithm of 0.166,7. From a table of logarithms, log 
0.166,7 = 9.221,9 — 10 = —0.778,1. Now multiply this value by the 
exponent, thus: 1.40 X —0.778,1 = — 1.089,3. Now, find the number 
of which this is the logarithm, thus: log~! — 1.089,3 = log-18.910,7— 10 = 
0.081,42. Hence, (0.166,7)!-4° = 0.081,42 and P, = 115 X 0.081,42 = 
9.36 lb. per sq. in. abs. 

ExampLe.—In a gas engine, what will be the volume at 15 lb. per. sq. 
in. abs. of a given quantity of gas after polytropic expansion (n = 1.25) 
from a volume of 2 cu. ft. at a pressure of 135 lb. per sq. in. abs.? Sotv- 


TION.—By For. (235), the final volume = V2 = Vi(P;/Ps)a =2> (135+ 
1 

15)375 = 2 X 998. Now, log9 = 0.954,2. And, 0.8 X 0.954,2 =0.763,36 

= log 6.072. Hence, V2 = 2 X 6.072 = 12.144 cu. ft. 
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Examp_Le.—TIf the initial temperature of the gas of the preceding example 
is 1,150° F., what will be its final temperature? SoLution.—By 


n—-1 


For. (236), the final temperature = T, = Ti(P2/P,) * = (460 +1,150) x 


1.25-—1 0.20 
1,25 


(15 + 185) * = 1,640 x %. Now, log1g6= 9.04588 — 10 = 
—0.954,2. And, 0.2 X —0.954,2 = 0.190,84 = 9.809,16 — 10 = log 
0.644,4. Hence, 72 = 1,640 X 0.644,4 = 1,056° F. abs., or 596° F. 


276. Dalton’s Law Of Gases (see discussion of this same 
subject in Sec. 306) states that each separate gas, in a mixture 
of gases, responds to changes of pressure, volume, and temperature 
exactly as though it were entirely isolated from the other gases. 
Therefore, if all of the gases in a gaseous mixture are such 
(which means not near their saturation temperature) that 
they obey, approximately, the laws of perfect gases (Sec. 226), 
then the mixture, as a whole, will follow, approximately, the 
laws of perfect gases. 


Notr.—TIf the pressure exerted by a gaseous mixture be more definitely 
analyzed, it will be found that each of the constituent gases therein has 
the same pressure that it would have if it existed alone. Therefore, the 
pressure of the mixture is the sum of the pressures of its constituent gases. 
This principle, which is sometimes called the law of partial pressures, is 
embodied in Dalton’s law. 


Reads. He Lb. - cReods 14.7 Lb. Reeds 29.4. Lb. 
per Sq. In. \ per Sg. In. per Sq.Jn-, 


FRI 0000S 
4 


Ss) og 
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“Ft a 4 spe: PICU Ft 7 Sn TBS 


Boe ee 


Fie. 272.—Illustrating Dalton’s law. 


Exampie.—lIf (Fig. 272) 1 cu. ft. of oxygen and 1 cu. ft. of nitrogen, 
at atmospheric pressure, were placed together in a vessel of 1 cu. ft. 
capacity, then the pressure of the mixture would, since atmospheric pres- 
sure = 14.7 lb. per sg. in., be 14.7 X 2 = 29.4 lb. per sq. in. 
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QUESTIONS ON DIVISION 8 


1. What is the practical importance of the heat phenomena of gases? 

2. Define a gas. What is the distinction between a gas and a vapor? 

8. What is a perfect gas? Has any perfect gasbeenfound? N ame some gases which 
behave nearly like a perfect gas. 

4, What is meant by the condition of a gas? By what is it determined? What is a 
condition change? 

5. What is meant by saying that a certain property of a gas is maintained constant, 
when working with the gas laws? 

6. State Boyle’s law. How was it discovered? For what kind of changes does it 
hold? 

7. To what kind of problems may Boyle’s law be applied? 

8. Write Boyle’s law as a formula expressing it in at least three different ways. 
What precautions must be taken with regard to the units? 

9. If a given weight of a certain gas undergoes condition changes at constant tempera- 
ture, what relation always holds between its pressure and volume? 

10. For constant-volume changes, how does the pressure of a gas at any temperature 
compare with its pressure at 32° F.? State this as a formula. 

11. For constant-pressure changes, how does the volume at any temperature compare 
with its volume at 32° F.? Does it matter what the pressure is during such a change? 
State the relationship as a formula. 

12. According to the formulas for constant-volume and constant-pressure changes, 
what would be the pressure and volume of a perfect gas at —460° F.? What is this 
temperature called? State the conversion formulas for temperatures. 

13. Give the verbal statement of Charles’ law. For what kind of condition changes 
does it hold? Interpret the law. 

14. To what kind of problems may Charles’ law be applied? Does a heat exchange 
always accompany such changes? 

15. Write Charles’ law as a formula and express the formula in three different ways. 
What precautions must be taken as to the units in these formulas. Show that these 
formulas are the same as those given in answer to Question 10. 

16. Give the verbal statement of Gay-Lussac’s law. For what kind of condition 
changes does it hold? Cite simple examples to interpret the law. 

17. To what kind of problems may Gay-Lussac’s law be applied? Does a heat 
exchange always accompany such changes? 

18, Write three expressions (as formulas) for Gay-Lussac’s law. State the precautions 
which must be observed with regard to the units in which the quantities are measured. 

19. Show how two of the three fundamental gas laws may be used to solve problems 
involving the simultaneous change of the volume, pressure, and temperature of a gas. 
For a given example how are the two laws selected? 

20. State the formulas for the combined gas law. Show their derivation. 

21. What is the constant relationship between the pressure, volume, and tempera- 
ture of a given weight of a perfect gas as the gas undergoes condition changes?’ Express 
it by a formula. 

22. In what units may the values of the gas properties (pressure, volume, and tempera- 
ture) be expressed when they are used with the values of the gas constant as tabulated 
in this division? How are the gas-constant values determined? 

23. Give a verbal statement of the general gas law. Why is it considered important? 
What is it based on? 

24. Write the general-gas-law formula and the formulas which result from it. Show 
the derivation of the formula. 

25. What two types of problems are, in general, solvable by the general gas law? 

26. What is the engineering definition of density? What unit is widely used for 
measuring densities? State the formulas which show the interrelations between volume, 
weight, and density. 

27. Is the density of gases a constant or variable quantity? Explain fully. 
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28. Write the equations which show the relation between the density of a gas and 
other properties of the gas. 

29. Explain fully how air drafts may be caused by differences in density. 

30. Wherein do the heat effects on gases differ from those on solids and liquids? 
Explain fully. 

31. How much disgregation work is done when a perfect gas is heated? How was 
this determined? Make a sketch and explain the experiment. 

32. What two effects may be produced when heat is added toa gas? Explain experi- 
ments, using sketches, to prove that these two effects are produced. 

33. Explain fully how it is that a gas does external work when it expands. Draw a 
sketch to show how a gas does external work. 

34. What is a throttling expansion? Explain what happens in such an expansion. 

35. Explain fully, using sketches, how an area may be used to represent the work done 
by a constant force. A variable force. Does each area unit necessarily represent one 
force unit? Why? 

36. What is the significance of the area under a pressure-volume graph? Explain 
fully, using sketches. 

37. What is meant by effective work? Total work? What is the difference between 
these two called? 

38. Is the specific heat of a gas a fairly well defined quantity like that of a solid or 
liquid? Why? Explain. 

39. Explain the significance of the specific heat of a gas at constant volume. Draw 
a sketch to illustrate. 

40. Is the specific heat of a gas at constant pressure greater or less than that at con- 
stant volume? Why? Does its value depend upon the pressure? How would you 
prove this? 

41. May a gas have other specific heats than those just referred to? When? 

42, Explain the significance of an infinite specific heat. A specific heat of zero. 
A negative specific heat. 

43. Of what importance are the energy relations which accompany condition changes 
of gases? Why should condition changes not be spoken of as expansions and 
compressions? 

44, How many different kinds of condition changes are there for gases? Of what 
definite kind are gas cycles composed? 

45. Do the laws and formulas, of this division apply to expansions through orifices 
or nozzles? Why? 

46. State the energy relations for a constant-volume change. How much external 
work is done? What becomes of the added heat? 

47. Write the energy-relation formulas for a constant-pressure change. Why must 
more heat be added for a given weight of gas and a given temperature increase than for 
a constant-volume change? Derive the formulas. 

48. Write the energy relations for a constant-temperature change. What is such a 
change called? How are these relations derived? 

49. What name is given to a condition change which involves no heat transfer? 
Is any external work done during such achange? Draw asketch to show an ideal appa- 
ratus with which such a change might be effected. 

50. Write and derive the energy relations for an adiabatic change. 

51. What property of a gas remains constant during a polytropic change? 

52. Write and derive the energy relations for a polytropic change. 

53. State the pressure-volume relations for a perfect gas undergoing a polytropic 
change and explain the meanings of the symbols in the formula. 

64. Explain the use of logarithms for solving equations involving fractional exponents. 


PROBLEMS ON DIVISION 8 


1. At 32° F. and atmospheric pressure (14.7 lb per sq. in. abs.) 1 Ib. of air occupies 
12.39 cu. ft. At the same temperature what pressure will it exert when confined in 2 
a1. f%.? 
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2. Three cubic feet of air at atmospheric pressure are to be compressed at constant 
temperature to 100 lb. per sq. in. gage. What volume will the air then occupy? 

3. If a given weight of gas at 32° F. exerts a pressure of 60 Ib. per sq. in. abs., what 
pressure will it exert at 100° F. when in the same volume? Solve by For. (115). 

4. Using For. (117) and the data of Prob. 1, find the volume of 1 Jb. of air at atmos- 
pheric pressure and 70° F. 

5. Using For. (121) and the data of Prob. 1 find the pressure exerted by 1 Ib. of air 
when confined in 12.39 cu. ft. at 300° F. 

6. A tank holds a certain volume of gas at 70° F. and 60 lb. per sq. in. gage pressure. 
To what temperature must the gas be heated so that the pressure shall be 100 lb. per 
sq. in. gage? 

7. A given weight of gas at atmospheric pressure and 40° F. occupies 3 cu. ft: What 
volume will the same gas occupy at atmospheric pressure and 1,800° F.? 

8. At what temperature will 1 lb. of air at atmospheric pressure occupy 15 cu. ft.? 
(Use data of Prob. 1.) 

9. A certain gas occupies 10 cu. ft. when at 50° F. and under a pressure of 1 atmos- 
phere. By using two of the fundamental-law formulas, find the volume of the same gas 
at 80° F. and a pressure of 2.5 atmospheres. 

10. Find the pressure exerted by the gas by Prob. 9 when the volume is 8 cu. ft. and 
the temperature is 100° F. (Use two steps.) 

11. What temperature would the gas of Prob. 9 have when its volume is 5 cu. ft. and 
its pressure is 30 lb. per sq. in. abs.? (Solve in two steps.) 

12. Solve Prob. 9 in one step. 

13. A quantity of gas at 60° F. and atmospheric pressure has a volume of 7 cu. ft. 
What pressure will the same gas exert when at 200° F. and in a volume of 6 cu. ft.? 
(Solve in one step.) 

14, At what temperature will the pressure and volume of the gas of Prob. 13 be 30 
lb. per sq. in abs. and 5 cu. ft. respectively? 

15. A receiver of 15-cu. ft. capacity contains 9 lb. of acetylene. At what tempera- 
ture will the pressure in the tank become 200 Ib. per sq. in. gage? 

16. What must be the capacity of a receiver to hold 50 lb. of air at a pressure 
of 250 lb. per sq. in. gage and at a temperature of 210° F.? 

17. When 9 lb. of a certain gas occupy 5 cu. ft., the pressure and temperature are, 
respectively, 175 lb. persq. in. gage and 290° F. Which is the value of the gas constant? 

18. A tank of 10-cu. ft. capacity contains air at atmospheric pressure and 70° F. 
Air is forced into this tank until the pressure rises to 200 lb. per sq. in. gage, and the 
temperature to 75° F. What weight of air has been forced into the tank? 

19. If 30.6 lb. of oxygen is confined in a 3-cu. ft. container, what is the density of the 
gas? 

20. If, under certain conditions, the density of air is 0.08 lb. per cu. ft., how much will 
88 cu. ft. of the air weigh? 

21. What is the density of nitrogen at 100 lb. persq. in. gage and 80° F.? 

22. From the result of Prob. 21 find the density of nitrogen at 80° F. and atmospheric 
pressure. 

23. From the result of Prob. 21 find the density of nitrogen at 1800 lb. per sq. in. 
gage and 200° F. 

24. How many foot-pounds are represented by the shaded area of Fig. 273? 

25. A tank held 40 cu. ft. of air at 200 lb. per sq. in. gage. This air is cooled in the 
tank to 70° F. and its pressure is now 150 lb. per sq. in. gage. How much heat has been 
extracted and how much vibration work is done on the air? 

26. If 6 lb. of air are heated at constant pressure from 60° F. to 150° F., how much heat 
is added, and how much external and vibration work is done? 

27. A compressor delivers 100 cu. ft. of air per min. at a pressure of 100 lb. per sq. in. 
gage and at 130° F. If this air is cooled, at constant pressure, so that only 90 cu. ft. 
are delivered at another point, how much heat is abstracted each minute? How much 
external and vibration work is done during the cooling? 

28, It is desired to compress 3 cu. ft. of air at atmospheric pressure to 100 lb. per sq. 


254 PRACTICAL HEAT [Drv. 8 


in. gage. How much heat must be withdrawn to accomplish this without changing the 
temperature and where does this heat come from? 

29. Compute the work done by 1 lb. of air in expanding from 175 lb. per sq. in. gage 
to 15 lb. per sq. in. gage at a constant temperature of 100° F. 
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Fig. 273.—Pressure-volume work diagram. 


30. During an adiabatic process the temperature of 20 lb. of air changed from 80° 
to 150° F. How much external work was done on the gas? 

81. One pound of air expands adiabatically from 300 lb. per sq. in. abs. and 200° F. 
to 15 lb. per sq. in. abs. What are its initial volume, final volume, and final 
temperature? 

32. In Prob. 31, how much external work is done by the expanding air and how much 
vibration work? 

33, In an air compressor, 10 cu. ft. of air at 100° F. and under a pressure of 14 lb. 
per sq. in. abs. are compressed adiabatically. The final pressure is 60 lb per sq. in. 
abs. Compute the volume and temperature of this air after compression. 

34. If, during a polytropic process for which n = 1.2, the temperature of 20 lb. of 
air changed from 80° to 150° F., how much external work was done by the gas? How 
much heat had to be added? 

85. During the compression of an ideal gas 40,000 ft.-lb. of work are expended and 
8 B.t.u. are taken from the gas by conduction. How much vibration work is done on 
the gas? 

36. During a compression following the law PV13 = a constant, the temperature of 
the air rises from 80° to 200° F. How much heat has been transferred to the cylinder 
walls per pound of air? 

37. If 1 lb. of nitrogen expands polytropically (n = 1.85) from 100 lb. per sq. in. 
gage and 120° F. to atmospheric pressure, what will be the final volume and temperature? 

88. Compute the heat added, external work, and vibration work in Prob. 37. 

39. If oxygen were expanded adiabatically from an initial condition of 1,800 lb. per 
sq. in. abs., 2 cu. ft., and 90° F. until its temperature reached —280° F., what would be 
its final pressure and volume? 


DIVISION 
MELTING AND FREEZING OF SUBSTANCES 


277. Melting Or Fusion is the process by which a sub- 
stance is changed (Sec. 103) from the solid to the liquid state 
by added heat. 

Nore.—Tue Trmpprature At Wuicu A SusstAnce Metts Or 
Fusxs is called its temperature of fusion, or simply its melting point, 
see Table 285 for values. 

Norre.—Berore Procerpine THe Reaper SHOULD Review carefully 
the material in Div. 4, starting with Sec. 96, which discusses the three 
ways in which heat which is added to a substance may be expended, and 
the three different kinds of work which heat added to or abstracted from 
a substance may do. 


278. Solidifying Or Freezing is the process by which a 
substance changes (Sec. 161) from the liquid to the solid state; 
freezing is always accompanied or occasioned by the abstrac- 
tion of heat from the substance. 

Nore.—Tur Temperature AT Wuicu A SussTaNcEe SOLIDIFIES or 
freezes is called its temperature of solidification, or simply its freezing 
point. The usual freezing point (temperature) for any substance is the 
same as the melting point (Sec. 277) of that substance. 

279. All Crystalline Substances Have Definite Tempera- 
tures Of Fusion And Solidification.—That is, every substance, 
as mercury, ice, sulphur, silver, in which the molecules are 
grouped in the form of crystals of a definite uniform structure, 
has a certain fixed, characteristic temperature, corresponding 
to a given pressure, at which both melting and solidification 
occur. 


Norgs.—Wuen A CrystTaLuine Susstance Unper A Constant 
PressurE UnperGcors Eiraer Mextine Or Souipiryine, its tempera- 
ture remains constant from the instant that melting or solidifying begins 
until the process is completed, as discussed more fully in following 


Sec. 289. 
255 
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280. All Non-crystalline Or Amorphous Substances Have 
Indefinite Temperatures Of Fusion And Solidification.—That 
is, every substance, as glass, wax, resin, glue, in which the mole- 
cules are arranged in an indeterminate, irregular and non- 
uniform formation, have no definitely fixed temperature at 
which both melting and solidification occur. 

Norn.—Non-cRYSsTALLINE SuspstaNces Assume AtL DrcGreEes OF 
Viscosity (Sec. 165) both in melting and in solidifying. If a glass rod 
is heated in the flame of a blow-torch, it will become soft and may be 
casily bent. If the heating is continued, the glass will become more and 
more plastic. Finally, it will begin to melt. But if the heat is still 
applied, after melting begins, the temperature of the glass will continue 
to rise. That is, no point is reached, as heat is applied, at which the 
temperature remains constant for an interval. 

281. The Melting And Solidifying Temperatures Of Dis- 
solved Or Alloyed Substances are, generally lower than the 
melting and solidifying temperatures of 
the simple substances which compose 
the solutions or alloys. This principle 
is of great practical importance in many 
ways. It provides a ready means (Fig. 
274) for producing ice artificially. Also 
(Fig. 275) it, by virtue of the low melt- 
ing temperatures of certain alloys, is the 
basic principle of many fire-extinguish- 
ingdevices. Byvarying the proportions 

Hae he Geriatr ea (Fig. 276) of the metals used in an alloy, 
use of salt brine in artificial the melting point of the alloy can, 
1 nine het iene Within a certain range, be made any 
F.—the freezing point of Cesired temperature. 


water—before it begins to P : 5 5 
frectes Exampie.—When salt is dissolved in water 


(Fig. 274) the freezing temperature of the 
brine thus formed may be many degrees lower than the freezing tem-— 
perature of pure water. Hence, the pure water in the can A (Fig. 274) 
will be frozen into a solid cake of ice, as B, when the can is immersed in 
the low-temperature brine for a sufficient length of time. 

ExamPtr.—A certain alloy, called Darcet’s Metal, is composed of 2 
parts bismuth, 1 part lead and 1 part tin. The melting temperature of 
this alloy is 203° F., which is (Table 285) many degrees lower than the 
melting temperature of either of the component metals. 

Exampis.—An alloy of tin, lead, and bismuth has been used (Fig. 277) 
for making the fusible elements of safety plugs for steam boilers. The 
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alloy in the cap, F (Fig. 277), absorbs heat from the furnace gases. But 
normally the conduction of this heat to the water in the boiler proceeds 


at a sufficiently rapid rate to prevent the temperature of the alloy from 
reaching the melting point. 
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Fie. 275.—Details of Grinnel sprinkler head for use in fire-protection systems. 
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Fria. 276.—Curves showing variations of melting temperatures of alloys corresponding 
to variations in the proportions of the metal constituents of the alloys. 


However, if the water level falls low enough to expose the cap F 
directly to the steam in the boiler, then, the steam not being able to 
conduct away the heat as rapidly as the heat is absorbed by the cap, the 
temperature of F quickly rises to the melting point of the alloy. Then 
the cap F melts and is blown out. The blowing out of the plug liberates 
the steam in the boiler and prevents a possible explosion. 

17 
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282. The Use Of Metal Alloys In The Liberating Devices 
Of Sprinkler Or Fire Protection Systems (Fig. 275) permits 
the sprinklers to be adjusted for operation (Fig. 278) at 
exactly the highest tempera- 
ture that can be allowed, with 
safety, in the building which 
the apparatus is designed to 
protect. 


MAM ROUTLNSS 


! 


oN 
“Tee : 
Sprinkler Pipe* 
Fia. 277.—Fusible safety-plug for steam Fie. 278.—Grinnel  sprinkler- 
boilers. head in action. 


ExpLanation.—The key, H (Fig. 275), is soldered to the main strut- 
piece, F, by an alloy, S, which fuses at the desired temperature. If the 
normal temperature of the room in which the sprinkler is installed is 100° 
F. or less, the fusing temperature of the solder, S, is usually fixed at 155° 
¥. If the normal room-temperature is to be between 100° and 150° F., 
then an alloy with a fusing temperature of 212° F. may be used. Should 
the air in the room become heated to the fusing temperature of the alloy, 
the soldered joint, S, will be melted out. The key, H, and hook, G, 
will thus become disjointed. The glass valve, EZ, being released from the 
restraint of the strut-piece, F, will then be blown out by the pressure 
of the water beneath. The issuing water (Fig. 278) will be broken into 
spray by the deflector, J, and will, presumably, extinguish the fire. 


283. The Utility Of Fusion Pyrometers For Measuring 
High Temperatures (Fig. 279) depends upon the facility with 
which the melting temperatures of alloys or compositions of 
substances can be adjusted to desired degrees of heat intensity. 
Such pyrometers are commonly used for determining the 
temperatures of pottery furnaces. They consist of a gradu- 
ated series of two or more clay pyramids, or Seger cones. The 
pyramids are about 2.5 in. high. They are composed of 
several different varieties of clay, which are mixed in such 
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proportions as to give a different melting point to each 
pyramid in the series. The difference between consecutive 
melting points is about 35° F. A range of temperature from 
about 600° to 3,400° F. may thus be covered. The cones are 


“Series Numbers" 


Fie. 279.—A fusion pyrometer—melting temperatures in degrees Fahrenheit are as 
follows: A = 2,000. B = 2,035. C = 2,070. D = 2,105. E = 2,140. 


stamped with numbers. A definite melting temperature 


corresponds to each number in the series. 

EXPLANATION.—When a series of Seger cones, or clay pyramids, is 
placed in a furnace which is being fired up for service, the cone or pyra~ 
mid which has the lowest melting point will be the first to lose its upright 
form. ‘The temperature corresponding to the series-number on a cone or 
pyramid is reached when the tip of the cone or pyramid has bent over 
B (Fig. 279) so that it just touches the tile surface on which the cone or 


pyramid stands. 

Notr.—Fusion Pyrrometers GivE Onity AppROXxIMATE TEMPERA- 
TURE MrasuREMENTS—but these are sufficiently accurate for the pur- 
poses for which the cones are properly employed. 

284. Temperature Pendants (Fig. 280), for giving approxi- 
mate indications of flue-gas temperatures in boiler plants, are 
made by adjusting the proportions of the alloy of which the 
pendants are cast to give a graded series 

3 é a0 tron Root 
of melting points. The utility of these ——— 
devices as they are ordinarily furnished 
is limited to a range of temperature be- 
tween 425° and 550° F. There is a 75° 
difference between the fusing points of 
the three pendants. They are usually 


“Temperature Penolonts-- 


applied by suspending the three pen- Fie. 280.—Green’s tem- 
: perature pendants—melt- 
dants in the path of the gases. ing temperature stamped 


on eaco pendant. 


Exampiy.—Suppose the pendants A, B, C 
(Fig. 280) to be suspended in a boiler breeching. 
If pendant A melts while the others remain intact, then the temperature 
lies between 425 and 500° F. If pendants A and B both melt while 


260 PRACTICAL HEAT [Drv. 9 


pendant C remains intuct, then the temperature lies between 500 and 
550° F. 

285. Table Showing The Melting And Freezing Points 
(Temperatures) Of Various Substances under atmospheric 
pressure. Values are from the following authorities: 
S = SmirHsonran Tastes. M = Marks’ MECHANICAL 
ENGINEERS’ HANDBOOK. 


Melting Melting 
f a Author- f = Author- 

Substance patene ity Substance ete ity 

deg. deg. 

Fahr. Fahr. 

| | 

Alcoholusaaautes ar —143 Ss Leady ges cececr cock 621 Ss 
Aluminio ee 1,218 Ss Magnesium..........| 1,204 NS 
IATA ONY near ee 1,166 Ss Magnesium chloride..| 1,306 Ss 
Bari ana art rere eves 1,562 iS} Magnesium sulphate.. 302 iS) 
Bismuthicces sich 520 Ss Mereuryers. ae rctie Oe —38 Ss} 
Borax rc sievabne ste iets 1,366 iS INDO GLa Fah. ssstticcdemekers 2,646 Ss 
Galctum. to. eee 1,490 Ss OVEN se se cene seuss —360 SS} 
Calcium chloride.....| 1,404 iS} Platinunts.. ssc. cael arora oe Ss 
Carbon!—above.....| 6,300 iS} Silvebi recuse ceeree sa wale LOOM Ss 
Carbon dioxidel..... —70.6 iS} Sodtumiccon-e tee 208 NS) 

224 
Carbon disulphide.... —166 iS) Sulphur2ae eee 235 Ss 

247 
Coppers scctr scare 1,981 iS} antal wm: rence §, 252 iS} 
Gly.cerines....n sar 4 M Mintle cere cweeete CeroreIG ic 449 S) 
Golde ast ature 1,945 Ss Mungetenecesra west 6,152 iS} 
Hydrogen........... —434 Ss Turpentines.. eases 14 M 

Todinew secre ee 236 iS} Lee. (water) ice fone aes 32 
Tronn(pire) eases 2,786 Ss BTNOS st, SO ee 787 Ss 


1Sublimes (Sec. 163). 
2Sulphur occurs in three solid forms having the values as shown: 

286. Many Substances May Be Changed From The Solid 
To The Liquid State By Solution.—That is, by mixing them 
with other substances which are already in the liquid state, 
as when salt or sugar is dissolved (Sec. 170) in water, or when 
shellac is dissolved in alcohol. In the dissolution of a solid 
substance by this process, energy is expended in causing the 
molecules of the solute, or solid substance, to separate from one 
another and intermingle intimately with the molecules of the 
solvent, or liquid substance. When some solutes are dissolved, 
even their molecules (or some of them) are broken up into zons. 
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287. The Heat In The Substances, Or In Surrounding 
Substances, Supplies This Energy.—A portion of the vibration 
or sensible heat (Sec. 54) of the mixture is (by doing disgrega- 
tion work) transformed into potential energy due to the mutual 
rearrangement of the molecules. Therefore, in all mechanical 
solutions—that is, solutions which occur without violent chemi- 
cal reactions between the solute and the solvent—heat energy 
must be absorbed while the process of dissolution is proceeding. 
The production of freezing mixtures depends upon this principle. 
Such mixtures may be made by mixing certain solid substances, 
as sodium chloride (common salt) or calcium chloride, with 
snow or broken ice. 


ExpLANATION.—If a quantity of snow or broken ice is placed in a vessel 
(Fig. 281) and is mixed therein with common salt, the snow or ice will 
melt quickly. The disgregation heat which the snow or ice must absorb 

(Sec. 98), in order that melting may occur, 
Liquid Mixture-..-'Metel---. ig given up by the surrounding objects. If 


k 
which Freezes of *.Connister; : ( 
aioout 32 Deol Fahy: +“ more salt is present than can go into a 
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Brine pater: Stoneware BY 2 Wi 5 0 is 70 2 
Freez ne’ 3 ; 
Yure of Broken Ice and Salt’ Per Cent. by Weight of Salt 
Fie. 281.—TIllustrating applica- Fig. 282.—The freezing temperature of brine 
tion of freezing mixture. varies with the percentage of dissolved salt. 


saturated solution of salt and water, the temperature of the salt-ice 
mixture will tend to become that at which a saturated solution of salt 
freezes (—6° F.). The temperature will attain this value if heat does 
not reach the ice water faster than the ice can melt. If less salt is 
present than that which is necessary to produce the saturated solution, 
the temperature of the brine-ice mixture will be higher than —6° F. 
In all cases, the temperature (Fig. 282) will depend mainly upon the 
quantity of the dissolved salt. The greater the proportion of salt to 
water in the brine, the lower the melting temperature of the ice in the 
brine. If a vessel (Fig. 281) containing a liquid that freezes at about 
the freezing point of water be submerged in the freezing mixture, the 


262 


liquid will be quickly frozen. 
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This is the operating principle of the 


ordinary household ice-cream freezer. 
Norts.—A Freezine Mrxtore is one which may be used to produce 


low temperatures. 


A mixture containing about 3 parts of snow and 1 


part of common salt will produce a temperature of from 4° to 6° below 


© 40 
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Fie. 283.—Graphs showing 
freezing temperatures of calcium- 
chloride and sodium-chloride (com- 
mon salt) solutions, in water, of 
different concentrations. 


0° F. A mixture containing 3 parts of 
calcium chloride and 2 parts of snow 
will produce a temperature of 50° below 
0° F. The mixing of equal parts of 
nitrate of ammonia and water may result 
in reducing the temperature of the 


[} mixture through 46° F. 


Norr.—Watser For ExtincuisHING 
Fires may, when kept in barrels which 
are exposed to freezing weather tempera- 
tures, be kept fluid by dissolving (see 
Fig. 283) a quantity of calcium chloride 
therein. Calcium chloride is preferable, 
for this purpose, to common salt. The 
corrosive action of common salt on 
metals is considerable. Also, the salt 
tends to creep from the solution, by 
capillary action, and crystallize on the 
outside of the containing vessel. If 
calcium chloride is not obtainable. 
common salt may be used. 


288. The Effect Of Pressure Upon The Melting And Freez- 
ing Temperature Of Substances will now be considered. Ifa 
body of water has imposed on it a pressure many times greater 
than the pressure of the atmosphere, it will continue in the 
liquid state even though its temperature be reduced somewhat 
below its freezing point (Sec. 278) under atmospheric pressure. 
But if a mass of lead is melted under atmospheric pressure and 
is then subjected toa pressure greatly in excess of atmospheric, it 
will again become solid at a higher temperature than the 
temperature under which it was melted. These phenomena 
suggest the following principles: (1) The temperatures of melting 
and solidification of any substance which expands while solidi- 
fying and contacts while melting is lowered by applying pressure. 
(2) The temperature of melting and solidification of any sub: 
stance which contracts while solidifying and expands while melting 
is raised by applying pressure. 
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Exampty.—A small wire (Fig. 284) with weighted ends, WW, is slung 
over a rectangular block of ice. The temperature of the surrounding 
air remains constantly at 32° F. The pressure, due to the suspended 
weights, WW, which the wire exerts, upon the narrow area upon which it 
rests, reduces the freezing temperature 
of that area slightly below 32° F. 
Hence, the ice under and in immediate 
contact with the wire begins to melt. 
Presently, the wire will have cut into 
the ice-block to a considerable depth. 
But as the wire descends it will dis- 
place the water which results from the 
melting. The water will gather above 
the wire. Being relieved from the 
pressure of the wire, the water will 
again freeze toice. The fissure which 
the wire forms as it descends is thus 
being constantly closed above the 


wire. Hence the wire becomes em- ‘ 7 —————— 
c : : E Wire Embedlded-~ Ss Supports 

bedded in the ice-block as it cuts its in Ice 

way through. The process of melting Fic. 284.—Regelation—illustrating 


effect of pressure on the melting tem- 


under pressure and freezing again ee ture of ical 


when the pressure is relieved is called 
Regelation. 

Notre.—TueE Frenzine TEMPERATURE Or A Bopy Or WaTER May BE 
LoweErEp from 32° to about 31.9865° F. by adding 14.7 lb. per sq. in. 
(1 atmosphere) to the normal atmospheric pressure on its surface, and 
the freezing temperature will decrease approximately 0.013,5° F. for each 
additional atmosphere of pressure added. 

289. Latent Heat Of Melting Or Fusion will now be con- 
sidered. As defined and explained in Sec. 106: “‘Latent heat 
is the heat energy which is required to produce changes in the 
physical state (Sec. 49) of a substance.” It has been found 
by thousands of experiments that, for each substance, a 
certain definite amount of heat is required to convert, into the 
liquid state, 1 lb. of the solid substance which is already at its 
melting temperature. Following Table 291 shows values. 
This amount of heat which is required to convert 1 lb. of a 
substance, which is in the solid state and at its melting tem- 
perature into the liquid state, at the same temperature, is 
called the latent heat of melting for the substance. See also 
Sec. 103. 

ExpLaNATION.—If a quantity of cracked ice (Fig. 285) be melted over 
the flame of a spirit lamp, the mercury in the Fahrenheit thermometer 
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will stand at the 32° mark until the ice is entirely changed to water. 
But the instant the last vestage of the original mass of ice has disappeared, 
the mercury will begin to rise. Although the thermometer indicates no 
rise of temperature while the melting is in prog- 
ress, the ice is, nevertheless, constantly 
absorbing heat from the flame. But this heat 
is wholly expended as disgregation work—in 
overcoming the cohesion among the molecules 
of the ice crystals (Sec. 50) and in separating 
them. That is, the energy of this latent or 
unindicated heat is used up in the work of 
disintegrating the compact molecular structure 
that exists in ice and in giving the molecules 
that freedom under which they exist in water. 
Hence, the “latent”? heat which is not re- 
vealed by the thermometer resides within the 
water in the form of molecular potential energy, 
or as the additional energy of position which 
the molecules possess by virtue of their in- 
/ creased distance from one another. This 
Fra. 285,—Illustrating latent Phenomenon is, presumably, present in the 
heat. melting of all substances. 


Ther Momet elamninn- [pf 
Cracked new If, 


290. Similarly, When A Substance Changes From The 
Liquid To The Solid State, The Latent Heat Energy Existing 
Within The Liquid Is Given Up to surrounding substances. 
Or, stating the same idea in a different way: As a substance 
is changed from the liquid to the solid state, the latent heat 
energy (disgregation heat) which resides within the liquid 
must, to effect the change, be abstracted from the liquid. 
Hence (Fig. 286) the temperature of any substance which 
has a determinate freezing point (Sec. 278) continues con- 
stant while the substance is changing from the liquid to the 
solid state. 


ExamPie.—A crucible containing molten zine (Fig. 286) at a tempera- 
ture of 896° I’. is permitted to cool. The liquid zine begins giving up its 
sensible, or vibration heat (Sec. 97). Therefore, the temperature falls 
gradually, AB, until 787° F., which (Table 285) is the temperature of 
solidification, is reached. The temperature remains at 787° (BC, Fig. 
286) until the zinc has completely solidified. During this BC interval 
the zine is giving up its latent heat of melting, or disgregation heat. 
When all of this heat has been abstracted, the solid zine then again begins 
giving up its sensible or vibration heat. Hence, the gradual fall of 
temperature is resumed as shown at CD. 
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Norr.—Ir Is Propasrty Truz Tuar Tue Mexrine Or Every Crys- 
TALLINE SuspsTance Requires Tue ExprenpirurE Or A CERTAIN 
Quantity Or Hat, depending upon the nature of the substance, to 
change the molecular arrangement 
which exists in the solid state of 096 aoe iaiticattion is eeu leted Here-» 
the substance to that which exists 678 470iA sitraioes 
in the liquid state. This, how- 460 »46 
ever, cannot be asserted without £82 £450 


. . . ‘ Led SB, 
qualification, since the melting 24-44 
£006 & 43 
temperatures of some substances © 748° 420 


are so extremely high that accurate 9779 8 41 : 

observations of the phenomena *752 © 40 

involved cannot be made. ATA 39 
Notre.—Tue Harty Investiaa- 76 3 

Tors Or Heat PHENOMENA GAVE 

Tue Name LATENT Heat to the Fie. 286.—Graph showing temperature 

heat energy (disgregation heat) conditions during the cooling and solidifica- 

which is expanded in reconstruct- tion of a mass of molten zinc. 

ing the molecular arrangements 

of melting substances. It was presumed that this energy simply soaked 

into a melting substance and remained concealed therein in a deadened 

or dormant condition. 


/ Time in Seconds 
~Solidification Begins Here 


Notrre.—Dr. Buack, A Scotcu Puysicist, In 1760 DnteRMINED THE 
Latent Heat Or Icze.—He placed two vessels, one containing 1 lb. of ice, 
and the other containing 1 lb. of water at 32° F., in a chamber in which 
the temperature was kept constant at about 47.3° F. The temperature 
of the 1 lb. of water rose to 39.2° in 0.5 hr. The melting of the 1 lb. of 
ice and the heating of the resulting water to 39.2° consumed 10.5 hr. 

The experimenter assumed that during each 14 hr. equal quantities of 
heat passed from the surrounding air into the 1 lb. of ice and the 1 lb. of 
water. That is, (so Black computed) the ice received 39.2 — 32 = 
7.2 B.t.u. per 0.5 hr. Hence, in 10.5 hr. the ice absorbed (10.5 + 0.5) X 
7.2=151.2B.t.u. Only 7.2B.t.u. were required to raise the temperature of 
the melted ice to the temperature of the chamber. Therefore, a quantity 
of heat = 151.2 — 7.2 = 144 B.t.u.—the latent heat of ice—was pre- 
sumed by Dr. Black to have been absorbed and stored in the water in a 
“latent”? or dormant condition. 

Dr. Black’s method was not strictly accurate because, actually, heat 
transfer is, as explained in Div. 5 dependent not only on the time during 
which the heat flows but also on the average difference between the 
temperature of the cold body and that of the hot body—the thermal 
pressure. Now, the average thermal pressure forcing heat into the 1 lb. 
of water was, actually, slightly different from that which forced heat into 

the 1 Ib. of ice. Hence, Dr. Black’s result was inaccurate, because he 
assumed that both of these thermal pressures were the same. A more 
accurate method of determining the latent heat of melting is the method 
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of mixtures (similar to that of Sec. 94). It is remarkable how nearly 
correct Dr. Black’s result actually was. 

Later and more consistent determinations have shown that the latent 
heat of melting of ice is more accurately 143.3 B.t.u. per lb. However, 
the value of 144 B.t.u. per lb. is the one which is commonly used in 
engineering work. 


291. Table Showing Latent Heats Of Melting Or Fusion Of 
Different Substances.—The values shown here have been 
computed from the SMITHSONIAN TABLES. 


Latent heat of melt- 
Substance ing, in B.t.u. per 

pound 
AT Umm scence, eh ae aE 138.2 
Bismuthess chads tee ot eke ene Ore Ppa TRS 
Copper wench oatiiae aoa ee ae 75.6 
JTOMsATay CASE iia a eae ey ek a de 41.4 
Jron;!whiteicast:.c. asta eeenn hem oe one 59.4 
Tron slagtuiec es as ect keer eee ee ee Oe 90.0 
Todine &: eye ces toate eae ee crs eee ete 21.08 
Tee rattcceicis acces tee dee ee ee eee 143.33 
LEGA eires ss tons ct cian tal en area eee oe 9.65 
Mereury.icts.cice eee at a eee ae 5.08 
Nickel eck snc csevdtanncat te cena ee Tee 8535 
Platinum yi. eee eh wt ee See OE ee 49 0 
Silver caisdatee ten octane eae ae 37.9 
Sulphur. ocr ccs Gone par eee ae 16.87 
SD ith: Sie0. 5, sas: Seance ead ME ae CO ee ee 25.2 
LADG Si cooler sissies caja Hee Re eRe ee LEER 50.63 


Notre.—Srrictiy, Tas Latent Heat Or Muttine Or A SupstTaNce 
Wit Vary Witn Tur Pressure Wnuicn Is Imposep On TuE SuBSTANCE 
Wuitz Ir Is Mrttina, if the substance expands or contracts due to the 
melting. This is because that if the substance changes volume in 
melting external-work heat will (unless the melting occurs in a vacuum) 
have to be supplied—in addition to the disgregation heat—to do the 
external work which is occasioned by any change of volume. However, 
as explained in Sec. 103, the amount of this external work is so small in 
practical cases that it may be safely neglected. 
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292. The Heat Required For Melting A Given Weight Of A 
Substance together with that required to warm the substance 
to its melting point, may be computed by the following 
formula: 

(240) Q = WIC(Ty, — T) + Ly) (B.t.u.) 


Wherein: Q = heat, in British thermal units, required for warm- 
ing and melting the substance. W = weight of substance, in 
pounds. 7'y = temperature, in degrees Fahrenheit, at which 
the substance melts. T'= initial temperature, in degrees 
Fahrenheit. C = mean specific heat of the substance, between 
T and Ty, see Table 90. Ly = latent heat of melting, in 
British thermal units per pound, see Table 291. 


Exampe.—A block of ice weighs 201.5 lb. Its temperature is 29° F. 
How much heat will be required to melt it? So.turion.—By Table (90), 
the specific heat of ice = 0.504 B.t.u. per lb. By Table (291) the latent 
heat of melting of ice = 143.33 B.t.u. per lb. Hence, by For. (240), the 
required heat = Q = W[C(Tu — T) + Ly] = 201.5 X {[0.504 x(32 — 
29)] + 143.33} = 29,186 B.t.u. 

ExamMP_ye.—A copper ingot weighs 55 lb. Its temperature is 80° F. 
How much heat will be required to melt it? Sotution.—By Table (90) 
the specific heat of copper = 0.093 B.t.u. perlb. By Tables 291 and 285, 
the latent heat of melting and the melting temperature of copper are, 
respectively, 75.6 B.t.u. per lb. and 1981° F. Hence, the required heat = 
{[(1981 — 80) X 0.093] + 75.6} X 55 = 13,882 B.t.u. 


QUESTIONS ON DIVISION 9 


1. What chiefly distinguishes the molecular structure of a substance in the solid 
state from the molecular structure of the same substance in the liquid state? 

2. What is meant by temperature of fusion? Temperature of solidification? 

8. What characteristic of substances apparently determines whether the melting 
temperature of a substance shall be constant or variable? 

4. The freezing temperature of a mixture of sugar and water is lower than the freezing 
point of pure water. Why is this? 

5. What are freezing mixtures? How may they be utilized practically? 

6, What, in general, is the effect in the melting points of two or more different metals 
when an alloy is formed with the metals? In what respect is this principle of practical 
utility? Give an example. 

7. In what manner, other than by melting, can some solid substances be reduced toa 
liquid state? 

8. What is a solute? A solvent? 

9. In what ways do variations of pressure affect the melting and freezing tempera- 
tures of substances? 

10. What is meant by latent heat of fusion? 

11. What becomes of the latent heat in a liquid substance while the substance is 
solidifying? 

12. Describe and give values for Dr. Black’s latent-heat experiment. 
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13. Does the latent heat of fusion perform a constant action function in a liquid 
substance, that is does it do work—or does it exist in a state of dormancy? In any 
event, what is the function of latent heat of fusion? 

14. Why did the early experimenters use the term ‘“‘latent”’ in defining the non- 
sensible heat that goes into melting substances? 

15. What is a fusion pyrometer? 

16. Explain the use of Seger cones. 

17. What are temperature pendants? 


PROBLEMS ON DIVISION 9 


1. How much heat is required to change 300 lb. of ice at 22° F. to water at 32° F.? 

2. An ice-can (Fig. 274) contains 258.3 lb. of water at 65° F. How much heat will 
pass from the water in the can to the brine in the tank while the water is freezing toa 
solid block of ice at 32° F.? 

3. What is the approximate freezing temperature of a mass of pure water if the gage 
pressure on its surface is 110 lb. per sq. in.? 

4, A ton of tin at a temperature of 80° F. is heated and melted in a crucible to 660° F. 
How much heat is absorbed by the tin? 


DIVISION 10 
VAPORIZATION 


293. Vaporization is the change in state (Sec. 49) of a sub- 
stance which occurs when the substance is transformed from 
the liquid state into the vaper form of the gaseous state. 
See Sec. 225 for the distinction between a. vapor and a gas. 
Vaporization is a common phenomena and one of great 
practical importance. 

ExampPuies.—In the steam power plant (Div. 15) it is vaporization 
that changes the boiler water into steam when the water is heated. In 
the refrigerating plant (Div. 18) it is the vaporization of the liquefied 
ammonia or other liquefied gas which indirectly produces the artificial 
ice and the low temperatures which are necessary in cold-storage houses. 
It is due almost wholly to vaporization that cooling towers and spray 
ponds (see the author’s Srram PowrR PuLantT AUXILLIARIES AND 
Accrssorigs) cool the circulating water. In the home, it is vaporiza- 
tion which drys the family ‘‘wash.” 

Notrs.—Srram Is MereLy WATER Vapor or, as it is sometimes called, 
aqueous vapor. Hence, as will be explained in Div. 11, much valuable 
information concerning the properties of water vapor may be obtained 
from steam tables, an example of which is given in Table 394. 


294. There Are Two Kinds Of Vaporization: (1) Evapora- 
tion. (2) Ebullition. Evaporation (Fig. 155-I) is vaporization 
which occurs only at the free surface of a liquid. Evaporation 
takes place only below the boiling point of a liquid. Hbulli- 
tion (Fig. 155-II) or boiling is vaporization which takes place 
from within the body of a liquid, the evolved vapor passing 
through the liquid to the surface. Each of these two forms 
of vaporization is discussed in succeeding sections. 

Norr.—SuBLimiInation (Fig. 155-J7J) is sometimes considered as a 


form of evaporation. But in this book it is deemed best to treat it as a 
distinct phenomenon. It is discussed in Sec. 163. 


295. Evaporation is occurring about us continually. Water— 
or any liquid—left in an open vessel gradually disappears. 


But some liquids evaporate more rapidly than others. Thus, 
- 269 
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alcohol evaporates more rapidly than water; ether evaporates 
more rapidly than alcohol. In each of these cases the liquid 
which evaporates is transformed into a vapor and passes 
away as such. 


Nots.—A ‘‘VoLATILE”’ SUBSTANCE is one which will evaporate freely 
at a relatively low temperature. The term ‘volatile,’ however, is 
generally used only in comparing two or more substances. One sub- 
stance is said to be more volatile than a second if, at a given tempera- 
ture, the first substance tends to evaporate more freely than the second. 
Thus, alcohol is more volatile than water and less volatile than ether. 
Of two substances, the more volatile will, for a given pressure, have the 
lower boiling point (Sec. 315) and will, for a given temperature, have 
the greater vapor pressure (Sec. 304). 


296. Evaporation Of Liquids Occurs At All Temperatures 
provided the space which is in contact with the liquid does not 
contain a saturated (Sec. 305) vapor of the liquid. Many 
examples of this fact are matters of common observation. 


Exampie.—The moisture from wet clothes which have been hung 
out to dry’’ evaporates more rapidly in hot dry weather. 
ExPpLaNATIon.—TuHr THrory Or Evaporation is this: The molecules 
of all substances which are at temperatures above 0 deg. absolute, that is 
which contain heat energy, are (Sec. 45) in continuous motion. In the 
case of a liquid, the motion of the molecules is rapid and occurs through- 
out the entire body of the liquid mass. Now, while these rapid molecu- 
lar movements are occurring, certain liquid molecules collide continually 
with others which are similarly vibrating about rapidly. Due to the 
impact of these collisions, some molecules attain velocities much greater 
than the average velocity of the molecules in the mass. If the molecules 
which thus have acquired velocities greater than the normal happen to 
be near the surface of the liquid, then they may be projected (Fig. 287) 
out into the space above the liquid. 
Thus they become gas or vapor 
molecules. In the aggregate they 
form a vapor in the space above the 
liquid. During the process of evapo- 
Fie, 287.—Illustrating evaporation or ration into air, the space above the 
surface-vaporization. liquid is occupied by a mixture of 
air molecules and vapor molecules. 
The vapor molecules occupy portions of the large (relatively) spaces 
between the air molecules. 


297. When The Liquid Is Unconfined The Flying Off Of 
The High-velocity Molecules Continues until, ultimately, 
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all of the liquid molecules disappear. Then complete vapori- 
zation has occurred. The liquid has “evaporated.” 

Nore.—WueEn Haat Is Appep To Tur Liqguin—when it is warmed— 
the velocity of its molecules is increased and its evaporation is thereby 
hastened. 

298. The Laws Of Evaporation are: (1) It increases with 
the temperature. (2) It increases with the extent of surface 
exposed by the liquid. (3) It is much greater into dry air than 
into air which contains vapor. That is, it decreases as the 
saturation increases (Sec. 305). (4) It increases with the rate of 
removal of the vapor from the surface of the liquid as some vapor 
molecules near the liquid surface tend to return to the liquid 
body if the vapor is not removed. (5) The rate of evaporation 
as increased by diminishing the pressure on the exposed liquid 
surface and vice versa. (6) The rate of evaporation depends on 
the nature and concentration of any substances which may be 
dissolved (Sec. 286) in the liquid. Formulas for computing the 
actual rate of evaporation of water under various conditions 
are given in the author’s Steam Power PLANT AUXILIARIES 
AND ACCESSORIES. 

299. Evaporation Increases With The Temperature Of The 
Liquid.—This follows since (Sec. 55) an increase in the tem- 
perature of the liquid is equivalent to an increase in the 
average velocity of molecular motion of the liquid molecules. 
When the temperature of a liquid is increased, the number of 
liquid molecules, which in a given time attain the high 
velocity which is necessary to project them into the space 
above the liquid, is increased correspondingly. Thereby the 
evaporation is increased. 

ExAMPLES.—Wet objects dry more rapidly when placed on a radiator 
or near a hot stove. Damp objects are dried quickly by passing a hot 
iron over them; a cold iron has no effect. A sprinkled street pavement 
on which the sun is shining will dry promptly while one in the shade will 
remain wet. 

300. Temperatures May Be Decreased By Evaporation 
(Fig. 288). When a certain weight of a liquid is vaporized, 
by evaporation or otherwise, then an amount of heat equal 
to the latent heat of vaporization of that weight of the liquid is 
abstracted from the liquid and air and objects which are adja- 


\ 
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cent to it (latent heat of vaporization is discussed in following 
Sec. 322). Thereby the remaining liquid and adjacent bodies 
are cooled. There are many practical examples of this 
phenomenon. A few are given below. 
ExpLANATION.—Evaporation is in reality an escape, from the surface 


of the liquid, of those liquid molecules which have acquired the highest 
velocities—which represent the greatest heat energy per molecule. 


Temperature OF 
Cotton Wet 
With Ether. 


SSS 
\-Jemperature Of Surrounding Air Cotton.” 


Fig. 288.—Illustrating the cooling effect of evaporation. 


Hence, the continual projection of these molecules from the liquid results 
in a correspondingly continual decrease in the average velocity—tem- 
perature—of the molecules which remain. The temperature of the 
remaining liquid will therefore decrease until no more heat is lost from it 
by evaporation than it receives from surrounding objects. 


Spray Nozzle. Distributing Pipe --Spray 
Suction Ling }/ s 


‘1 Pressure Line. / 
{ (Gold Water): (Worm Worter) ¥ 
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Fig. 289.—Spray cooling pond. The evaporation from the sprays and from the surface 
of the pond cools the water. 


ExampiEs.—A small quantity of ether dropped on the back of the 
hand will evaporate very quickly: Coincidentally, an intense cooling 
sensation will be felt where the ether touches the hand. If the ether 
is dropped on cotton (Fig. 288) which is wrapped around a thermometer 
bulb, the thermometer will indicate an immediate and pronounced tem- 
perature decrease. The temperature of condenser circulating water, 
which is used over and over again, is reduced by evaporating a small 
portion of it in a cooling pond (Fig. 289), a cooling tower (Fig. 290) or with 
spray nozzles (Fig. 291), Drinking water is kept cool in hot dry locali- 
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ties by placing it in a porous earthenware jar (Fig. 292) which is hung in a 
shady windy place; the water which seeps through to the surface of the 
porous jar is evaporated and thereby the remaining water in the jar is 
maintained cool. The evaporation from a specially constructed porous 
earthenware vessel (Fig. 293), which has been submerged in and satur- 
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Fie. 290.—Cooling tower. (Warm water enters the distributing tray, 7, and falls 
in fine streams over the lath checker-work. A current of air from the fan, F, along with 
some air drawn in by natural draft cools the falling water by evaporation. ) 


Fig. 291.—Spray nozzle with part of side cut away. (The nozzles break the water 
into fine droplets, thus exposing a large surface for contact with the air thereby causing 


rapid evaporation.) 


ated with, water, maintains at a relatively low temperature the food con- 
tained therein. Solid carbon dioxide may be made by the cooling effect 
of liquid carbon dioxide evaporating in a bag (Fig. 294). 
Exampin.—Freezing Water By Tue Evaporation Or ETHER may 
be effected with the apparatus shown in Fig. 295. The beaker is placed 
on a thin film of water on the wooden block. The block serves as a heat 
insulator. By blowing air through the ether with the bellows, the ether 
is evaporated rapidly. It absorbs the heat required for its evaporation 
from adjacent objects. Thereby the water film is transformed to ice: 
The beaker is ‘“‘frozen”’ to the block with a layer of ice. In refrigeration 
plants, the evaporation of the liquid ammonia in the cooling coils (Fig. 
296) abstracts (indirectly, see Div. 18 on RerricERaTion) heat from the 
water in the freezing cans. Thus the water in the cans is changed into 


ice. 
18 
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Fie. 292.—Porous earthen water jar or ‘‘olla’” used for cooling water in hot dry 
climates. (Courtesy Santa Fe Railroad.) 
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Fie. 293.—Porous earthen cooling vessel. Food articles are placed inside. Entire 
vessel is then submerged in water for about 3 min. Water soaks into porous walls. 
Subsequent evaporation of water from outside of walls produces cooling effect. 


Fia, 294.—Method of making solid carbon dioxide. (Opening V permits liquid 
carbon dioxide to flow into cloth bag B. Its rapid vaporization therein, due to the 
reduced pressure, causes the formation of carbon-dioxide snow in B.) 
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301. Condensation is the opposite of vaporization. It 
is the process by which a substance changes from the gaseous 
to the liquid or solid state. As explained hereinafter, conden- 
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Fig. 295.—Water frozen by the rapid evaporation of ether. 
sation of a vapor may be due to either an abstraction of heat 
(cooling) when the pressure remains constant or to compres- 


sing the vapor when the temperature remains constant. 
Or it may be due to a combination of the two conditions. 
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Fia. 296.—Diagram of cooling coils and brine system used in making ‘‘can”’ ice. 
(Liquid ammonia, when released through V, vaporizes and abstracts heat equivalent to 
its latent heat of vaporization from the brinein CT. The brine is then circulated through 
the freezing tank FT. Thereby the water in the cans, C, is frozen.) 


Examptes.—In the condenser (Fig. 297) in a steam-power plant, the 
steam is condensed into water by abstracting heat from it with cold 
water. Economies, as explained in Div. 15 result from the condensing 
operation. In a compression refrigeration plant (see Div. 18), the 
compressed ammonia vapor is condensed into liquid ammonia in an 
ammonia condenser. 

302. All Substances Increase In Volume When Vaporized 
And Decrease In Volume When Condensed.—That is, their 
volumes increase (Fig. 298) when they are transformed from 
the liquid to the gaseous state and decrease when they are 
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transformed from the gaseous to the liquid state. All sub- 
stances (Table 303) undergo very great changes of volume 
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Fia. 297.—Sectional view of Wheeler barometric ejector condenser. 


Fie. 298.—Showing relative volumes of the same weight of steam and water. (At 


212° F. and 14.7 lb. per sq. in. pressure, 0.000,607 cu. ft.—or 1.05 cu. in.—of water will 
make 1 cu. ft., or 1,728 cu. in. of steam.) 


303. Table Showing Specific Volumes Of Various Substances 


In The Liquid and Gaseous States. (Marks’ MrcHaNnicaL 
ENGINEERS’ HANDBOOK.) 


Boiting Reine Specific volume = cu. 
ft. per Ib. : 
Material pressure, temper- Ratio = 
Ib. per sq. ature, it, G G+L 
in. abs. deg. Fahr Liquid Gas 

Water. s.dnca0 Sects 14.7 212 0.0167 26.79 1604 
AMMO aks eee tne 14.7 (aie 0.0237 18.02 760 
Carbon dioxide...........} 508.5 32 0.01759 0.1666 9.47 


Sulphur dioxide 


aia aia eset 14.7 13.7 0.01130 5.38 477 
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304. Vapor Pressure Or Vapor Tension (Fig 299) is 
the pressure exerted by a body of vapor. It may be conven- 
iently measured in pounds per square inch, inches mercury 
column, or in any other pressure unit (Sec. 7). The molecules 
comprising the vapor of a vaporized liquid act (Sec. 50) 
precisely as do those of a permanent oes 
gas. They produce a pressure by vacuum----[! 
bombardment of the walls of any «x-—"g 
enclosing vessel. 


Exampie.—The most important ex- 
ample of vapor pressure is the pressure : 
exerted by steam (Fig. 299) which is } 
aqueous or water vapor. i 
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Fic. 299.—Vapor pressure exerted by water 
vapor (steam) on confining walls. 


Fig. 300.—Illustrating the principle 
of vapor pressure. 


Exampie.—Tube A in Fig. 300 in reality constitutes a barometer as 
explained in Sec. 10. The height of mercury column, H,, is the height 
which is supported by the atmospheric pressure. If now a drop of ether 
be introduced into the tube with a curved pipette, as shown at B, the 
mercury column will immediately be forced down to the height H». 
The difference, D, in the heights of the two mercury columns will be the 
vapor pressure, expressed in inches mercury column, which is exerted by 
the ether vapor. The bombardment of the ether-vapor molecules 
creates the pressure which forces the mercury column down. The 
pressure of saturated ether vapor at room temperature may be as great 
as 16-in. mercury column. 

Nore.—Varor Pressure Is Exertsep WurreveR Tuere Is A 
Varor.—While the effects of vapor pressure are most apparent when 
the vapor is confined in a closed vessel such as a steam boiler or a closed- 
end tube like that of Fig. 300, an unconfined vapor exerts a pressure, 
just as does any gas, on the objects in and around it. Thus, water 
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vapor in the air exerts a part of the observed pressure on the earth’s 
surface—land and water—and on all objects in the locality where the 
vapor exists. 

ExamMPLE.—Suppose the atmospheric pressure as shown by a barom- 
eter is 14.5 lb. persq. in. and that the air is mixed with saturated water 
vapor at 80°F. The vapor pressure due to aqueous vapor at 80° F. is (by 
asteam table) about 0.5 lb. per sq. in. Hence, the pressure due to the 
oxygen, nitrogen, and other relatively non-condensable constituents of the 
air is 14.5 — 0.5 = 14.0 lb. per sg. in. That is, a cubic foot of the air 
will contain only as much of the non-condensable gases as if it were free 
of water vapor and at a pressure of 14 lb. per sq. in. When the quantity 
of a gas which is over water is being measured, this effect must be 
considered. 


305. A Saturated Vapor is any vapor which cannot have 
heat abstracted from it or be compressed at constant tempera- 
ture without partially condensing. That is, a vapor is 
saturated when its molecules are so densely packed in the given 
space that additional molecules arising from the liquid would 
tend to reduce the molecular arrangement to that which exists 
in the liquid state of the substance. See also Sec. 354 for 
another definition of saturated vapor. 


Note.—Wuen A Vapor Is Satruratep, Tas Pressure Exertep 
By Tux Varor presses, as it were, down on the liquid and, in effect, 
prevents further liquid molecules from entering the space where the vapor 

exists. There is an equilibrium be- 
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Fig. 301.—Showing how oonfining 
vapor prevents further evaporation. 


tween the pressure exerted by the 
vapor and the pressure exerted by the 
liquid. A vapor which is confined in 
a closed vessel may and will become 
saturated (Fig. 301-7) provided that 
a portion of the liquid remains in the 
vessel. But a vapor which is uncon- 
fined (Fig. 301-J), which is free in 
the open air, cannot become saturated 
because the vapor molecules diffuse 
and seep away through the air (note 
under Sec. 304) and are wafted away 
by air currents. 

EXPLANATION.—The water in the 
closed cylinder (Fig. 302) is assumed 


to be in process of vaporization at a certain temperature, 7. Due to the 
violence of their vibratory motion, the liquid molecules at the surface 
are (Sec. 296) incessantly darting into the space between the water and 
the piston. Thus they become vapor molecules, But, while darting 
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hither and thither in the enclosed space, some of these vapor molecules 
strike the surface of the water. These molecules thereby resume their 
original status as water molecules. 

For a time, a greater number of molecules will be leaving the water to 
become vapor molecules than will be returning thereto to again become 
liquid molecules. The disparity be- 
tween the number of departing and 
the number of returning molecules 
will, however, gradually diminish. 
Finally, the number of molecules 
arising from the water as vapor will 
equal the number returning thereto 
as liquid. 

Hence, if the piston is still main- 
tained in its original position, the total 
number of vapor molecules in the 
space between the piston and the water 
will thenceforth continue constant. 
When this condition of equilibrium is 
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Is Commonity Usrep To INpDICcATE 
Tue ConpitTion Or Tue AQurEous 
Varor In Tor Arr In Any Space 
Into Wuicu WatrerR Has Varorizep.—In such cases the air is incorrectly 
said to be saturated with the vapor. (Instead it should be said to be 
mixed with saturated vapor.) This ‘‘saturated-with-the-vapor” idea is 
the popular, though scientifically inaccurate, interpretation of the term. 
It results from an erroneous theory, which formerly prevailed, that air 
preserves the vaporized condition of a substance by holding, like a sponge 
holds water, the vapor molecules suspended in the pores or spaces 
between its own (the air’s) molecules. The following terms are (Psy- 
CHROMETRIC TaBLES, W. B. No. 235; U. S. Department Of Agriculture) 
incorrect: ‘‘The air is partly saturated with moisture.” ‘‘Weight of 
aqueous vapor in a cubic foot of saturated air.’”’ The following is cor- 
rect: ‘Weight of a cubic foot of saturated aqueous vapor.” That is, 
the air is not ‘‘saturated;’’ it is the vapor which is saturated. 

EXxAMPLE.—Steam in a boiler which is under pressure, assuming of 
course that there is water in the boiler in contact with the steam, is a 
good example of saturated aqueous vapor. In fact, such is called sat- 
urated steam. 


Fia. 302.—Illustrating principle 
of vapor-saturation. 


306. Dalton’s Laws For Vapors, discussions of which follow, 
are: (1) The pressure of a saturated vapor depends only on its 
temperature. (2) The total pressure of a mixture of gases 
or vapors which have no chemical action on each other, is equal to 
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the sum of the pressures which each would exert seperately if it 
were alone in the space occupied by the mixture. These laws 
are stated a little differently by various authorities but the 
differences are of minor importance—the laws, as stated here, 
are believed to enumerate the governing facts. 

Notrre.—Tue Sreconp Or Tue Asove Laws Is Caen ‘‘ Datton’s Law 
Or PartTIaL Pressures.’”’—The law does not hold for vapors of liquids 
which dissolve in one another either partially or in all proportions 
(Gregory and Hadley, Manuat Or Mucuanics Anp Hnat, p. 237). 
See discussion of this law as applied to gases in Sec. 276. 

ExaMpLe Or Excrrtion.—Gasoline is a mixture or solution of many 
liquids having different boiling points (Sec. 315). The vapor pressure of 
each of these liquids is sufficient so that if the combined vapor pressure 
were the sum of the individual vapor pressures, a pressure of much more 
than atmospheric pressure would be developed and the liquid would boil 
at ordinary temperatures. Similarly it would be impossible to condense 
the gasoline vapor as it is condensed in its purification by distillation. 
The combined vapor pressure of the gasoline constituents is more nearly 
an average than a sum of their individual vapor pressures. 


307. The Pressure Of A Saturated Vapor Depends Only On 
Its Temperature.—If enough ether is introduced into tube B 
of Fig. 300, so that it does not all vaporize at atmospheric 
temperature, then D will measure the pressure, in inches of 
mercury column, of the saturated ether vapor at that tempera- 
ture. If, then, the saturated vapor in B be warmed by passing 
a bunsen-burner flame across it, more of the ether will be 
vaporized and the vapor will then exert a greater pressure and 
force the mercury still further down. Cooling the vapor has 
the opposite effect. By measuring the pressures exerted by 
the vapor at different temperatures, it can be shown that the 
pressure (Sec. 308) of a saturated vapor is determined only by 
its temperature. The pressure is independent of its volume 
if the temperature remains as shown above, the vapor deter- 
mines its own volume for any given temperature. 


ExampLe.—By referring to a saturated-steam table (Sec. 394) it will 
be noted that for each pressure there is a definite temperature and vice 
versa. A saturated-steam table is merely a saturated-water-vapor table. 

EXPLANATION.—For each temperature of a gas or vapor, there is 
(Sec. 55) a certain speed of vibration of its molecules. Since the vibra- 
tion speed of the molecules determines the pressure which the gas exerts 
it follows that the pressure is determined by the temperature. If the 
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temperature of the vessel which contains the vapor is raised, the mole- 
cules are projected more frequently from the liquid. Hence, more vapor 
molecules must then accumulate above the liquid to insure equilibrium 
between the vapor and its liquid. Thereby the number of molecules in 
the vapor space is increased. Furthermore, their velocities are increased 
by the temperature increase. Hence the pressure exerted by the vapor 
is increased correspondingly. 

308. The Saturation Pressure Of A Vapor is defined as the 
pressure which, at a given temperature, the vapor exerts when 
completely saturated. The saturation pressure is the maxi- 
mum pressure which a vapor can exert at any given tempera- 
ture. Saturated-steam tables (Sec. 394) give the saturation 
pressure for water vapor or steam. 

309. Condensation Occurs When Heat Is Abstracted 
From A Saturated Vapor Or When Vapor Is Compressed 
Without Changing Its Temperature.—Examination of any 
saturated-vapor table (Div. 11) will disclose that the density 
(weight of a cubic foot) of saturated vapor increases with its 
temperature. Now, if heat is abstracted from a saturated 
vapor, the vapor will be cooled and will contract—as all sub- 
stances do when their temperature is decreased. Or, if the 
saturated vapor is compressed, its temperature remaining con- 
stant, it will then also occupy a smaller volume. Hence, 
abstracting heat from or compressing a saturated vapor causes 
a given weight of the vapor to occupy less volume—that is, 
increases the density of the vapor. But, by the vapor tables, 
the density of the vapor cannot have a value greater than given 
in the table for the given temperature. Therefore, a portion of 
the vapor must condense and occupy only that smaller volume 
which it requires when in the liquid state. If the vapor has 
been compressed without changing its temperature, then the 
resulting mixture of liquid and vapor will still exert the same 
vapor pressure as before compressing the vapor; but the vapor 
will now occupy a smaller volume than before. If the vapor 
has suffered an abstraction of heat, it may exert a smaller 
pressure and exist at a lower temperature than before heat was 
abstracted from it. 

Norse.—Hezat Is ABsTRAcTED From Water Vapor In A Stam Con- 


DENSER.—Steam may, after being used by an engine or turbine, be 
admitted to the condenser which is maintained at a low tempera- 
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ture by circulating cold water through it. The exhaust steam is thus 
cooled to a relatively low temperature at which it can exert only a small 
pressure and has a smaller density. The greater portion of the exhaust 
steam from the engine or turbine is thereby condensed—only a small 
weight of the original vapor remaining as vapor in the condenser, How 
economies may result through the operation of a condenser in connection 
with an engine or turbine is.explained in Sec. 513. 

EXPLANATION.—Imagine a closed vessel which contains a liquid and 
its vapor at a certain temperature. The vapor is saturated because it 
is in contact with the liquid and molecules are passing from the liquid 
into the vapor at the same rate as molecules are passing from the vapor 
into the liquid (as explained under Sec. 305). If, now, the vessel is cooled 
from without, the liquid will first be cooled (because it is a better con- 
ductor of heat than the vapor). Thus, the average velocity of the liquid 
molecules will be decreased. Less of the liquid molecules will then have 
that abnormal velocity which is necessary to project them into the space 
above the liquid level. But, for the instant at least, the vapor molecules 
still possess the same velocities as before heat was abstracted. Hence, 
the equilibrium between the number of molecules passing into and out 
of the liquid is temporarily destroyed. 

Now more vapor molecules will enter the liquid than leave the liquid. ° 
Hence, the more rapidly moving vapor molecules enter the liquid—tend- 
ing to increase the temperature of the liquid and decrease that of the 
vapor. But heat is being withdrawn from the liquid. Hence, the liquid 
temperature is not increased by the entering vapor molecules but the 
liquid temperature remains constant until the vapor and liquid attain 
the same temperature. By this time enough vapor molecules have 
entered the liquid (in excess of those which have left the liquid) to 
decrease the temperature of the vapor to such a point that equilibrium is 
again restored—the number of molecules entering and leaving the liquid 
is again the same. But, during this process, more molecules have been 
entering the liquid than have been leaving it. Hence, a portion of the 
vapor has been condensed. 


310. Two Or More Vapors, When Mixed, Do Not Affect The 
Saturation Point Or Vapor Pressure Of Either provided the 
vapors do not act chemically on one another nor mix by solu- 
tion (Sec. 169) when condensed. The presence of more than 
one vapor simply has a retarding effect on the time necessary 
for a vapor to become saturated. The same amount of liquid 
will evaporate into an air-filled space as into a vacuum of the 
same volume. The air merely retards the rate of evaporation. 

EXPLANATION.—The molecules of any gas or vapor have considerable 


space between them. The molecules of the second vapor occupy por- 
tions of these empty spaces. It is evident, from the theory of molecular 
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motion of gases, that the molecules in vaporizing from a liquid must 
encounter opposition by colliding with the molecules of the second vapor. 
Hence, due to the thus retarded motion, the time necessary for sufficient 
molecules to pass from the liquid to produce saturation is increased. It 
follows that complete saturation of a space wherein a partial vacuum 
exists is accomplished with greater rapidity than where the space is 
filled with air or other gas. 

311. The Effect Of The Air In Retarding The Rate Of 
Evaporation isimportant. If water vapor, which is constantly 
evaporating from river, lake, and ocean, diffused rapidly, the 
atmosphere would always be completely saturated (100-per 
cent. humidity, Sec. 331). All absorbent objects about us 
would then be soaked continually with moisture. But, because 
of its very slow dissemination, relatively 
little water vapor is contained in the 
atmosphere—even in regions adjacent 
to large bodies of water. A portion of 
that water vapor which does exist in the 
atmosphere always condenses (Sec. 339) 
when the temperature falls to the satura- 
tion point (Sec. 305). Some one of the 
weather phenomena described in Sec. 339 
then results. Pio 

312. The Combined Pressure Of Two “”*~ 
Or More Vapors Or Gases Which Occupy Benzene 
The Same Space Is Equal To The Sum owe ; 
Of The Individual Pressures Exerted 8. 
By Each.—This is the second of Dalton’s Bg 
laws (Sec. 306). Its truth may be a 
readily verified experimentally as is tug 
explained below: 


k esd 


Combined Water 
And Benzene Tube 


Exampie.—tIn Fig. 303, W is an ordinary 
barometer tube with the usual vacuum space, Fy erie 
of length V, above the mercury. All of the jvessure of two vapors is 
tubes W, X, Y, and Z are of identical construc- equal to the sum of their 
tion. Into the space above the mercury in X individual pressures. 
enough water has been introduced to produce 
a saturated vapor, lowering the mercury level by distance A. Similarly, 
benzene vapor in Y lowers the level by distance Z. Now, if an excess 
of water and of benzene were introduced into Z, the two combined 
saturated vapors would lower the mercury by distance T. Now it will 
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be found that: 7 = V + A+ # (nearly). This proves that the com- 
bined pressure of the water vapor and the benzene vapor is nearly equal 
to the sum of their individual pressures. 


313. Boiling Or Ebullition Is Vaporization From Within The 
Body Of A Liquid as well as from its surface. When heat is 
applied (Fig. 304) to a glass vessel which 

Li) fo ye contains a transparent liquid, as clean 

water, bubbles will, after a time, be seen 

to form in that portion of the liquid 


pee Se which is immediately contiguous to the 
aes source of heat. These bubbles are com- 
‘ee posed of vapor, in precisely the same form 
_Myeersssy’ | as that which is generated by evaporation 
(er WP 33 (Sec. 296) at the surface of the liquid. 
“Cubbles ‘ 


“Flame EXPLANATION.—The liquid in contact with the 
__ bottom of the glass vessel (Fig. 304) absorbs heat 
eae rg ad ae ya the gas flame. The vibratory motion (Sec. 
boiling or internal vapori- . a eA 
axion, 45) of the molecules in this portion of the liquid 
mass is thereby intensified. Certain molecules 
attain very high velocities and, colliding, are thus “bounced” to com- 
paratively great distances from one another. Certain of these separated 
molecules then assemble in groups and assume the mutual arrangement 
which is peculiar to the vaporous condition of matter. The bubbles, 
which may be seen through the transparent wall of the vessel, are the 
visible manifestation of this arrangement. Being less dense—lighter— 
than the surrounding liquid, these bubbles, or groups of vaporized 
molecules, tend (Sec. 137) to rise toward the upper surface. That is, a 
condition of boiling or ebullition ensues. 


If the liquid mass is of considerable depth, the bubbles which are first 
formed may disappear before they reach the upper surface. When this 
happens, the bubbles have simply given up the heat, to which they owe 
their vaporous form, to the molecules of the cooler portions of the liquid 
through which they have passed. They have (Sec. 162) condensed. 
That is, they have resumed the molecular arrangement peculiar to the 
liquid state. 

Due to this process of convection (Sec. 137) the entire mass of the 
liquid presently acquires a practically uniform temperature. Hence, the 
bubbles which are subsequently formed at the bottom of the vessel will 
retain their heat and, incidentally, their vaporous structure until they 
rise to the upper surface where they will break and their vapor will then 
mingle with the vapor above. 

Nore.—A.u Or Tur Busses Wuicu Form In A Bortine Liqguip May 
Not Be Varor Bussies.—Some of them may be due to the presence of 
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air in the liquid. Application of heat to an air-impregnated liquid will 
cause minute masses of the air to expand and form bubbles. 

Nort.—Wuen A Liquin Bors Tae Moxrscuies Pass Into Tu 
Varorous Conpition Boru At Tur Free Surrace Or Tun Liquip AND 
Av Tue Surraces Or Tue Vapor BussiEs within the liquid. Thus, 
there is an essential difference between boiling and evaporation. In 
evaporation (Sec. 296) the molecules pass to the vaporous condition only 
at the free surface. The only reason (Millikan & Gale) why vaporiza- 
tion takes place so much more rapidly at the boiling temperature than 
just below it is that the bubbles first form at the boiling temperature 
and the evaporating surface is increased enormously by the bubbles as 
soon as they form. 


314. Table Showing Boiling Temperature Of Liquids 
At Atmospheric Pressure. See Table 350 for boiling tem- 
perature of various liquefied gases. (Marxs’ MrcHanicaL 
ENGINEERS’ HANDBOOK.) 


Tempera- Tempera- 
Liquid ture, in Liquid ture, in 
deg. Fahr. deg. Fahr. 
VAUN OME Geo 5 Coe 1,680 Aniline. . ; 363 
Sulphurreccret cist i 823 Calcium chloride eat. ‘sol. ) 356 
IMS YETOAVE os en oe oe 675 ADDO MANS By cic nee ome bok 320 
Bangi esta cya 572 SROMMENG eed cates ors: 230 
Glycerine.......... 554 Sodium chloride (sat. sol.). 226.4 
Phosphorus... +c 554 VWidiber orci e areal etna hes: 212 
Tinseedhollemce ei. = 538 Alcoholic agate ci see 172.4 
Naphthalene....... 424 lelinimia. eee eactaceto hatte —450 


315. Every Liquid Has, For A Given Impressed Pressure, 
A Definite Boiling Temperature——When a thermometer 
is inserted in a mass of liquid to which heat is being applied 
(Fig. 304), the mercury will rise until the liquid begins to 
boil. The mercury—temperature—will then become station- 
ary and will stay so (as long as there is liquid in the vessel 
and the pressure on the surface of the liquid remains con- 
stant) no matter how great the rate of heat application. Why 
the temperature thus remains constant is explained in Sec. 96 
and Sec. 98. For a given liquid and a given pressure, this 
boiling temperature or boiling point is always the same; see 
Table 314, 
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Note.—Tue Reason Tot Temperature Or Tue Liqguip Cannot 
Bre IncrpAseD Apove Tue Borne Point is that the area of surface of 
the bubbles always increases to just such an extent that the loss of heat 
necessary to do the disgregation work which is required to affect vapori- 
zation is exactly equal to the heat received from the fire. In other 
words, the disgregation heat continually passing out with the ascending 
vapor molecules becomes just equal to the heat which is being continually 
supplied by the heat source. Thus, constant temperature and a heat 
balance are maintained. 


316. The Boiling Temperature Is The Temperature At 
Which The Pressure Of The Saturated Vapor Equals The 
Pressure Existing Outside Of And Imposed On The Surface 
Of The Liquid.—This pressure is, when the vessel is wide 
open to the air, the atmospheric pressure. When the vessel 
is closed, the pressure is that due to the liquid vapor (usually 
steam) in the vessel plus the pressure of the air or any other 
gas which may be present. 

ExampLEe.—When a steam boiler is first placed in operation and has 


air in its steam space, the air pressure imposed on the water surface may 
be considerable (up to atmospheric pressure). 


Whee But after the boiler has been operated for a short 
oes pikes time, practically all of the air is displaced and the 


Fea pressure then imposed on the liquid surface is due 
' yor Pressure See 

Insiole Bubble, almost wholly to the vapor pressure of the liquid. 

is Expianation.—As stated previously, the forma- 

tion of vapor bubbles is the visible manifestation 

of and is essential to boiling. Now it is evident 

that the vapor pressure of the vapor (Fig. 305) 

4 within each bubble must (disregarding the small 

a Y additional impressed pressure due to the thrust of 

: NY the liquid itself) be the same as the pressure—often 
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. the atmospheric pressure—which presses on the 
Bae: surface of the liquid. The inside vapor pressure 
; Water and the outside impressed pressure must exactly 

“Flome equal each other—otherwise the bubble would 
collapse. Now (Sec. 315) a certain definite tem- 
Fra. 305.—Vapor pres- é : ; 
sure within steam bubble Pcrature is required for the production of each 
equals pressure imposed Vapor pressure. ‘Therefore it is evident that 
on outside of bubble. bubbles cannot form until the temperature of the 
liquid is such that the pressure which its vapor 
exerts is exactly equal to the impressed pressure. Hence, the boiling 
temperature of a liquid—the temperature of bubble formation—must 
be that temperature at which the vapor pressure equals the impressed 
pressure. 
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317. The Effect Of Change Of Pressure On The Boiling 
Points Of Liquids (See Table 318) will now be considered. 
If a boiling liquid is subjected to additional pressure, the 
boiling will cease and the temperature will again rise as the 


600K 


Pressure In Pounds Per Sq, In. 


50 100 150 wie 250 500 550 4n 450 500 
Boiling Temperature In Deg. Fahr. 


Fie. 306.—Graph showing relation of boiling temperature of water to pressure. 


application of heat is continued. Ultimately, a new tempera- 
ture—which corresponds to a new pressure—will be attained 
at which boiling will again commence. The greater the pres- 
sure the greater the boiling point (Fig. 306) and vice versa. 


Exampte Or Tue Errect On Borine TEMPERATURE OF INcREAS- 
inc THe Pressurn.—In Fig. 307, heat isimparted to waterin A. There- 
by the water in this cylinder is boiled. In the end of the cylinder fits a 
piston, P, which has sufficient weight to maintain a pressure of about 
5 Ib. per sq. in. gage within the cylinder. ‘The sliding piston maintains 
the pressure constant. ‘When the heating is begun, the piston rests on 
the surface of the cool water and the thermometer, 7’, indicates a low 
temperature—the temperature of the cool water. As the heating is 
continued, the temperature rises to about (see steam table, Sec. 394) 
228° F., which corresponds to a pressure of 5 lb. per sq. in. At this tem- 
perature boiling commences. No further rise in temperature is indi- 
cated by the thermometer nor does the pressure, as shown by the gage, 
G, increase. But as the vapor which is projected from the boiling water 
collects above it, more and more space is required by the vapor. This 
pushes the piston up in the cylinder until, if permitted to continue, it 
would force the piston out of the top. But the pressure and temperature 
remain constant. 
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Now, suppose that after the boiling, as shown in A, has continued for 
a time, the pressure within the cylinder is so increased by the addition 
of weight, W, that the gage will indicate constantly 10 Ib. per sq. in. 


Boiling Point At 10 Lb. Pressure(Recicls 240). 
‘Boiling Point At 5 Lb. Pressure(Reads 228) \ 


yy ei 
Kii)) 8S! 


TSS. 


Liguiol-“ 
u/escent 


OS 
il 0. 


Open To 
Use soe _e Atmosphere 
Agel re Colo! Water 
Condensing 


Steam 


T-Water Boiling At 212 Deg. Fahr. I-Waiter Boiling At 180° Deg. Fohr. 


Fic, 308.—Experiment proving that the boiling point decreases as the pressure is 
decreased. 


Immediately, the piston, which it will be assumed is resting half-way up 
in the cylinder, will be forced down. This reduces the volume of the 
vapor and, hence, increases its pressure. Due to this increased pressure, 
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boiling at once ceases—there will be no vapor bubbles in the liquid in B. 
But, if the heating of B is continued, ultimately the new boiling tem- 
perature of about 240° F. (see steam table), which corresponds to the 
new pressure of 10 Ib. per sq. in., will be attained as shown at C. Then, 


Pras rs 
Fire Grote? 


erature In Degrees Fahrenhelt 


Boiling Temp 


Fie. 310.—Graph showing variation of boiling temperature of water in accordance with 
variations of altitude above sea level. 


the piston will again commence to rise as the boiling once more starts. 
Again, under these new conditions, the new temperature and the new 
pressure will remain constant. 
Examp.e Or Tue Errect On Borine TEMPERATURE Or DrEcRBASING 
Tur Pressure.—First, the water in the flask F (Fig. 308) is boiled. 
19 
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Then the flask is removed from the flame, corked, and inverted as at G. 
The temperature of the hot water in the flask soon falls to below 212° F. 
and the boiling ceases. But if now some cold water be poured over the 
flask, as shown, the water in the flask will commence to boil again. The 
cold water by condensing the steam in the flask decreases the impressed 
pressure. Thereby the water in the flask boils at a temperature lower 
than 212° F. But when sufficient vapor has been evolved in the flask to 
produce the vapor pressure which corresponds to the new lower tem- 
perature, the boiling ceases. This process of boiling and condensation 
may be repeated many times at successively lower temperatures, without 
reheating, by repeated water applications. 


Exampie.—Water in a steam boiler, under ordinary atmospheric 
pressure, or 14.7 lb. per sq. in., boils (Table 318 or any steam table and 
Fig. 306) at 212° F. When the water has vaporized into steam until 
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¥ia. 311.—Pressure steam cooker. (Boiling of the water in the tightly-closed 
vessel generates steam, which is not permitted to escape. The steam increases the 
pressure within the vessel and thus raises the boiling point.) 


(Fig. 309) a pressure of 100 Ib. per sq. in. gage is attained, the boiling 
temperature is then, as shown by any steam table (Sec. 394) 328° F 


ExampLes.—Water in an open vessel will boil on the top of a high 
mountain at a much lower temperature (Table 319 and Fig. 310) than at 
sea level. This is because of the lower atmospheric pressure (Sec. 9) 
at the high altitude. It requires a long time to cook eggs or vegetables 
by boiling on a high mountain top because of the low boiling tempera- 
tures at high elevations. This difficulty may be overcome by boiling 
the food in a closed vessel or in a pressure cooker (Fig. 311) whereby 


the boiling point of the contained liquid is raised by the self-generated 
internal pressure. 
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318. Table Showing Boiling Temperatures Of Water At 
Various Pressures. (From Marks and Davis’ Sram TaBuzs.) 


2Pressure, in lb. per in eb pelea OO ad 
x PIR an atte Boiling tem- sq. in. Boiling tem- 
perature, in | perature, in 
Absolute Gage Bete auee Absolute Gage a oahaet 
1 = 13.7 101.8 100 85.3 327.8 
5 — 9.7 153.0 150 135.3 358.5 
10 — 4.7 193.2 200 185.3 381.9 
14.7 0.0 212.0 250 235.3 401.1 
15 0.3 213.0 300 285.3 417.5 
25 10.3 240.1 400 385.3 444.8 
50 35.3 281.0 500 485.3 467.3 
145) 60.3 307.6 600 585.3 486.6 


® Absolute Pressure = Gage Pressure + 14.7. Gage Pressure = Absolute Pressure — 
14.7. The equations are true only when the pressures are expressed in pounds per 
square inch. See Sec. 18 for equations and explanation. 


319. Table Showing Average Boiling Temperatures Of 
Water At Various Altitudes Above Sea-level. It should be 
understood that, at any elevation, the barometric pressure 
varies from time to time. At all times, the actual boiling 
point of water is that corresponding to the atmospheric or 
barometric pressure and may be accurately found in any 
steam table (Sec. 394). 


Boiling Boiling 

tempera- tempera- 

Altitude, in feet ture, in Altitude, in feet ture, in 

degrees degrees 

Fahrenheit Fahrenheit 
—1,316 (Dead Sea)......... 214 4130s Rates ahd ites 204 
eM ota, Pattie ciel fone Aatesmlinas Sessa is 213 BF US Divya horcic: crease ¢ ee seene 202 
iO (Sea Jevel) 5 scien 212 6,250 (Mt. Washington)... 200 
EO 5, chorste eyatdie.o phaye te, apesdoort 211 S)  DAAO carats evereete wiecetona succor 195 
DOQ0 betes atateareearaccns 210 1 a7 610 Ne er cea een Oe oa 190 
5 Lost SOE EOE RCE Ct RES Oke 209 15,650 (Mont Blanc)....... 184 
DODO re crete Rnipeae eitcens siete meats 208 17,337 (Himalayas)........ 180 
SOS ONG ene one terra vere tevacader ae 206 
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320. The Boiling Temperature Of A Liquid Which Holds 
Another Substance In Solution may be either above or below 
the boiling temperature of the pure liquid. If the dissolved 
substance is a solid, the boiling temperature will be higher 
than that of the pure liquid. But if the liquid holds a gas or a 
more volatile liquid in solution, the boiling temperature will 
be lower. 


ExampLe.—When a quantity of water (A, Fig. 312) has dissolved 
(Table 321) as much salt as it can possibly hold in solution the boiling 


2 Thermometers 


Boili' oak 
Point. yee nea Bollin 
Pale ace Point i 


Boilligy Point © brian 
AG Containing d 
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Wi 122% ‘Solution 1k 
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. 
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Pure } 
Water’ 
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- Lomps 
TI) 
Fie. 312.—Illustrating the elevating Fre. 313.—Illustrating the de- 
effect of a dissolved solid on the boiling pressing effect, of a dissolved gas, on 
point of a liquid substance. the boiling point ofa liquid sub- 


stance. (Steam bubbles only rise 
from the pure water whereas both 
steam and carbon dioxide bubbles 
rise from the solution.) 


temperature at atmospheric pressure of the resulting brine (B, Fig. 312) 
will be about 227° F. When a quantity of water (C, Fig. 313) holds 


carbon-dioxide gas in solution, the boiling temperature of the solution 
(D, Fig. 313) will be less than 212° F. 
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321. Table Showing Boiling Temperature Of Brine At 
Different Degrees Of Saturation—Computed from SmiTu- 
SONIAN TABLES. 


Units by weight of salt to 100 units Temperature, deg. Fahr. 
of water 
6.6 212 
12.4 215.6 
Wilges 217.4 
2125 219.2 
25.5 221 
33.5 222.8 
40.7 22088 


322. The Latent Heat Of Vaporization is, generally speaking, 
the heat which is (Sec. 106) required to change a liquid at a 
given temperature into a vapor at the same temperature. 
A very great quantity of heat is necessary to effect vaporiza- 
tion although no temperature change occurs. Specifically: 
The latent heat of vaporization of a liquid is the number of 
B.t.u. (Table 323) which is absorbed and necessary—to change 
1 Ib. of the liquid into vapor at the same temperature and pres- 
sure. (Refer to Sec. 289 for a discussion of latent heat of 
fusion which is a somewhat similar property.) See preceding 
explanation (Sec. 104) of how the heat expended in vapor- 
ization is largely employed in doing disgregation work—but 
some of the heat may also be expended in doing external 
work as is there explained. 

Exampie.—Consider a closed vessel (Fig. 314) which has an escape 
valve, V, so adjusted that any vapor generated within the vessel will 
pass out at precisely the requisite rate to preserve a constant absolute 
pressure (Sec. 15) within the vessel of 14.7 lb. per sq. in. This is equiva- 
lent to 0.0 lb. per sq. in. gage pressure (Sec. 16). Exactly the same condi- 
tions would obtain if the vessel were located at the sea level (Sec. 9) 
and were open to the atmosphere, 

Now, 1 Ib. of water at 32° F. is placed in the vessel. It is heated with 
the spirit-lamp, L, flame. The mercury column in the thermometer will 
rise gradually until 180 B.t.u.—MN, Fig. 315—of heat (vibration heat) 
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have been imparted to the liquid. The thermometer will then read 212° 
F. (Hach B.t.u. will raise the temperature of the 1 lb. of water 1° F. 
Hence, 180 B.t.u. will increase it by 180° F. 

Gage P, “/ATLB, ) ‘ 
ag rep eee les Therefore, the resulting temperature will be 32 
+180 = 212°F.) This increase in temperature 
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Fie, 314.—Vaporizing Fie. 315.—Illustrating latent heat of vaporization 
water under constant of 1 lb. of water. 
pressure. 


is shown by AB in Fig. 315. The increase in temperature is due to 
vibration work (Sec. 97) which has been done by the heat on the water. 

When the water temperature attains 212° F. the imparted heat will 
commence to do disgregation work (Sec. 98) and the water will commence 
to boil—vaporize—because the boiling point of water at atmospheric 
pressure (14.7 lb. per sq. in.) is 212° F. Now as the lamp, ZL, continues 
to impart heat to the water, the heat will continue to do disgregation 
work and vaporization will continue. That is, steam will start forming 
when the water temperature first attains 212° F. and its formation will 
continue so long as heat (disgregation heat) is being imparted to the 
water. But while this vaporization ensues the temperature of the water 
will not rise above 212° F. (BC, Fig. 315) in spite of the fact that heat is 
being added continually to the water. The thermometer will stand 
stationary at the 212° mark until the water has been entirely changed 
into water vapor or steam. This is indicated by the line BC in Fig. 
315. There will be required, so repeated experiments show, 970.4 B.t.u. 
(NO, Fig. 315) to change the 1 lb. of water at 212° into 1 lb. of steam at 
212°. 

The heat required (970.4 B.t.u. in this case) to change 1 lb. of the liquid 
at boiling temperature into vapor at the same temperature is the latent 
heat of vaporization of the liquid. 

If the heating is continued, at the instant the last trace of the original 
1 lb. of water flashes into steam, the thermometer mercury will begin to 
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rise. The temperature rise will be due to the heat—vibration heat— 
which is absorbed by the steam and which will now manifest itself partly 
as vibration work (Sec. 97). That is, the steam becomes superheated 
(Sec. 356). 

ExpLanaTion.—Although the thermometer in Fig. 314 indicated no 
temperature rise while the vaporization was in progress, heat was, never- 
theless, being transmitted continually from the flame to the water. 
But the energy of this latent (Sec. 106) or apparently inactive heat was 
spent partly in the work of disintegrating the molecular structure of the 
liquid molecules and in building up the new vapor-molecule structure 
(disgregation work, Sec. 98) and partly in expanding the molecules 
against external forces—the atmospheric pressure in this case (external 
work, Sec. 99). Therefore, this latent heat resides in the vapor in the 
form of potential molecular energy. It is transformed into the potential 
energy (Sec. 25) of position which the vapor molecules possess by virtue 

‘of their increased distance from one another. This phenomenon is 
similar to that of latent heat of fusion (Sec. 289) and is present in the 
vaporization of all substances. 

ExamPLe.—How much heat will be required, at atmospheric pressure, 
to vaporize 10 lb. of mercury which is at a temperature of 40° F. ?e 

SotutTion.—From Table 314, the boiling or vaporizing temperature 
of mercury is 675° F. From Table 90, the average specific heat of mer- 
cury is 0.033. Therefore, the heat necessary to raise the temperature of 
the 10 lb. of mercury from 40° F. to its vaporizing temperature is: (675 
— 40) X 10 X 0.083 = 218.6 B.t.u. From Table 323, the latent heat of 
vaporization of mercury is 122 B.t.u. per lb. Therefore, to vaporize 
the 10 lb., there would be required: 10 X 122 = 1,220 B.t.u. Hence, 
the total heat necessary to raise the temperature and vaporize would be: 
218.6 + 1,220 = 1,438.6 B.t.u. Note that the greatest part of the total 
heat is necessary to effect vaporization and that comparatively little is 
used in raising the temperature of the mercury to the vaporizing point. 

ExampLe.—How much heat will be required to: (1) Convert into 
water, a 201.5-lb. block of ice which is at 29° F.; (2) Raise the temperature 
of the resulting water to the boiling point at atmospheric pressure; (3) 
Vaporize the water under atmospheric pressure? 

SoLutTron.—In an example under Sec. 292 it is shown that 29,186 
B.t.u. are necessary to convert the 201.5 lb. of ice into water at 32° F., 
which is the melting temperature of ice. Now, from Table 90, the mean 
specific heat of water is 1.0. Also, from Table 314, the vaporizing tem- 
perature of water at atmospheric pressure is 212° F. Therefore, to raise 
the 201.5 lb. of water to the vaporizing temperature there would be 
required: (212 — 32) X 1.0 X 201.5 = 36,270 B.t.u. Since, the latent 
heat of vaporization of water at atmospheric pressure is (Table 323) 
970.4 B.t.u. per lb., to vaporize this 201.5 lb. of water, there would be 
necessary: 201.5 X 970.4 = 195,536 B.t.u. Then, the total heat 
expenditure for melting the ice, raising the temperature of the water and 
vaporizing it is: 29,186 + 36,270 + 195,536 = 260,992 B.t.u. 
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Nors.—Tse Larent Heat Or Vaporization Or A Liquip Dimin- 
isues As Tur TEMPERATURE AND PRESSURE, UNDER WuicH THE 
VAporizATION Occurs, INcREASE.—It disappears entirely when (Sec. 
349) the critical temperature and pressure are reached. See the vapor 
tables in Div. 11 for values. 


323. Table Of Latent Heats Of Vaporization At Atmospheric 
Pressure. (Marxs’ MecuanicaL ENGINEERS’ HANDBOOK) 


Latent heat Latent heat 
Material u ee at Material a Nee aca 
zation, In zation, In 

B.t.u. per lb. B.t.u. per lb. 
Acetonenterrn cine 233 Hy drogeniss- er 222 
MI cohol aes ear ee 385 Methy] chlorine.. 1735 
Amiline seer y cate ree 198 Mercury.....-.. 122 
iBenzoleesnrco see 169 INiitrogent sneer 81.5 
Carbon aa Se Sreat 152.5 Oxygen rite 92 
Chlorine. . mae 112 Sulphures see ae 650 
Chiorofern' Baer A 110 Turpentine...... 126 
Pthers wages eee 162 Water sau oe canes 970.4 


324. The Latent Heat Of Steam is the latent heat of vapori- 
zation (as defined above) of water and is equal to 970.4 B.t.u. 
at atmospheric pressure—14.7 lb. per sq. in. absolute—and 
the corresponding temperature of 212° F. See steam table 
394 for other temperatures and pressures. 


325. The Latent Heat Of Vaporization May Be Divided 
Into Two Parts: (1) External latent heat of vaporization. 
(2) Internal latent heat of vaporization. Both are defined 
below. Both of these latent heats are stored in the vapor 
and are given out when the vapor is condensed under the same 
external conditions as those under which it was vaporized. 


Values for these two heats, for the common vapors, are given 
in the tables in Div. 11. Thus: 


(241) L=L:+L; (B.t.u. per lb.) 


Wherein: L = latent heat of vaporization, that is, the total 
latent heat of vaporization, in British thermal units per pound. 
L, = external latent heat of vaporization, in British thermal 
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units per pound. L, = internal latent heat of vaporization, 
in British thermal units per pound. 

326. The Internal Latent Heat Of Vaporization, L,, is the 
disgregation heat which must be added to the liquid to vaporize 
it, or which is given up by the vapor when itis liquefied. It 
is the heat energy which is expended in the internal work of 
overcoming the molecular cohesion of the liquid molecules 
which is necessary to change them into vapor molecules. 
It is the increase in internal heat energy which accompanies 
vaporization. As is shown by the values in the tables of 
vapor properties in Diy. 11, the internal latent heat of vapori- 
zation decreases as the temperature, at which the vaporization 
occurs, increases. This is because the higher the temperature 
the more rapidly the molecules will be vibrating and the 
further they will be apart; hence, less heat will be required to 
disgregate into a vapor a liquid at a high temperature than will 
be required for a liquid at a low temperature. 

327. The External Latent Heat Of Vaporization, Lz, is 
the external-work heat which must be added to the liquid to 
vaporize it or which is given up by the vapor when it is lique- 
fied. It is the heat energy which must be expended in over- 
coming the resistance of external forces to the increase of 
volume of a liquid substance, which is incident to its vaporiza- 
tion. It is equivalent to the mechanical work done by the 
substance in expanding from the liquid state to the vapor 
condition of the gaseous state. See explanation below. 


EXPLANATION.—Consider a cylinder (Fig. 316) which has an internal 
sectional area of 1 sq. ft. and which is somewhat over 26.8 ft. high. 
The cylinder stands open in the atmosphere—which imposes on it an 
absolute pressure of 14.7 lb. per sq. in. Suppose that 1 lb. of water 
at a temperature of 212° F. is placed in the cylinder, as at J. Now 
add heat and vaporize this 1 lb. of water. Experiment will show (see 
Steam Table 394 in Div. 11), that it will require 970.4 B t.u. (the latent 
heat of vaporization) to vaporize the 1 lb. of water at 212° F. into steam 
at 212° F. Now, the steam thus formed will, so experiment shows, force 
the air out of the cylinder J against the atmospheric pressure of 14.7 lb. 
per sq. in. (2,117 lb. per sq. ft.) and will exactly fill the cylinder—as in 
Fig. 316-J7—which has a volume of 26.8 cu. ft. 

The external work done, by the expansion of the water into steam, 
under atmospheric pressure, will be: Force X Distance 2,117 X 26.8 = 
56,376 ft.-lb. Now, this external work done by the steam in expanding 
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accounts for only a small part of the total latent heat of 970.4 B.t.u. 
which was expended in changing the liquid into a vapor. Thus: 56,736 
ft-lb. + 778 = 72.8 B.t.u. = external latent heat of vaporization, The 
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Fie. 316.—Showing external latent heat of vaporization converted into mechanical work. 


remainder: 970.4 — 72.8 = 897.6 B.t.u. = internal latent heat of vaporiza- 
tion and is heat which was expended in disgregation work. 

The external work done by the vaporization might be recovered if, 
(Fig. 316-77) a tight piston P is inserted in the cylinder and the 1 lb. of 
steam be cooled so that it will contract (condense) back into 1 lb. of 
water at 212° F. as at /JJ—Fig. 316. Then the atmospheric pressure 
would force P down, lifting W. W, which weighs 2,117 lb,, would be 
lifted 26.8 ft., because 2,117 X 26.8 = 56,736 ft.-lb.; all friction losses 
are here neglected. Thus the external work done during the vaporiza- 
tion would be recovered. This is one of the principles the application of 
which renders useful a condenser (Sec. 513) on a steam engine or turbine. 


328. When A Liquid Is Vaporized, The Latent Heat Of 
Vaporization Required Therefor Is Abstracted From Sur- 
rounding Objects.—Thus vaporization is, in reality, a cooling 
process. The heat thus required may be taken from the 
flame of a lamp (Fig. 307) or from the flame of a coal fire under 
a steam boiler. Or, as explained in preceding Sec. 300, the 
heat may be drawn from the liquid itself, thereby cooling the - 
liquid. This principle is utilized practically in a number of 
useful ways, the most important of which have been mentioned 
in Sec. 298. 


iW 


“beaker which opens to the atmosphere at 
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329. When A Vapor Condenses, Its Latent Heat Of Vapori- 
zation Is Given Up To Surrounding Objects.—Condensation 
is defined and discussed briefly in preceding Sec. 162. Thus, 
when 1 lb. of vapor is condensed due either to increased pres- 
sure or decreased temperature or both, it releases the number 
of B.t.u. (Sec. 322) which is equivalent to its latent heat of 
vaporization. With a given pressure, condensation takes 
place at the same temperature at which vaporization occurs. 


ExampLe.—The heat given out (Fig. 317) by a steam-heating system 
(Div. 17) is almost wholly heat which is released by the condensation 
of steam in the radiators and then transmitted through their walls to 
warm the air of the room. 

Exampir.—In condensers for steam power plants and other services, 
the steam or vapor is condensed by cooling it, usually with cold water, 
The latent heat of vaporization thus released is absorbed by the cooling 
water and raises its temperature. 

ExampLe.—Closed tank K in Fig. 318 is of such size that it will contain 
exactly 1 Ib. of steam at 0.0 lb. per sq. in. gage pressure—or 14.7 Ib. per 
8q. in. absolute pressure. That is, it will contain 1 lb. of steam at atmos- 
pheric pressure. The tank is fitted with an 


: eat Steam Pipe From Boiler 
automatic air-inlet valve, B, or vacuum eepiaes 


the precise instant necessary to prevent 
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Fig. 317.—Showing heating with steam radiator Fia. 318.—Condensing steam 
through latent heat of vaporization. at a constant pressure. 


formation of a partial vacuum by condensation of the steam. Thereby, 
the pressure within K is prevented from falling below 14.7 lb. per sq. in. 

Now, 1 lb. of steam is admitted to K. The temperature 7, of this 
steam, as shown by the steam table, is 212° F. The steam begins to cool. 
It gives up heat to surrounding objects as indicated by AB in Fig. 319. 
Immediately some of the steam condenses to water at 212° F. But the 
temperature of the remaining steam stays constant, as indicated by 
line AB, until 970.4 B.t.u. has been given up: The latent heat of steam 
at atmospheric pressure is 970.4 B.t.u. The remainder of the steam 
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condenses gradually. When exactly 970.4 B.t.u. have been given up, all 
of the steam will have condensed to water. 

If heat be further abstracted from the water (BC, Fig. 319), its tem- 
perature will be decreased correspondingly. When 180 B.t.u. have been 
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Fia. 319.—Illustrating latent-heat phenomenon in condensation of 1 lb. of steam. 


abstracted, the temperature of the water will then be 32° F. This 
condensation process is just the reverse of the vaporization process 
which is described in connection with Figs. 314 and 315. 


330. Atmospheric Air Contains oxygen, nitrogen, a little 
carbon dioxide, traces of other rare gases, and water vapor. 
The air is, therefore, a mixture of gases and water vapor. 
The water vapor is in the air principally as the result of evapora- 
tion from the surfaces of rivers, lakes, ponds, and from ‘‘moist”’ 
objects. The water vapor in the air is not, usually, in the 
saturated state. That is, the air can usually be cooled or 
compressed somewhat before the moisture (water vapor) in 
it is condensed. The term humidity is used to describe the 
condition of air which contains water vapor; see following 
section. 

331. pte Theue Humidity may be expressed in two differ- 
the {otal weight ‘of water | vapor in a unit volume of air. (2) (2) 
The relative humidity, which expresses the ratio which exists 
between the weight of vapor actually present in a unit volume 
of air to the weight that would be present if the vapor were - 
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saturated at its actual temperature. This ratio is commonly 
denoted as a percentage of complete saturation. 

332. Table Showing Absolute Humidities Or The Weights, In 
Grains Per Cubic Foot, Corresponding To Different Tempera- 
tures And Percentages Of Relative Humidity Of Aqueous 
Vapor In Atmospheric Air. 


: Percentage of relative humidity 
Air tempera- 
ture, in deg. ——————— — 
Fahr. 
10 %| 20%/|30%| 40% | 50% | 60% | 70% | 80% 90 % | 100% 
—20 0.017|0.033/0.050! 0.066] 0.083} 0.100) 0.116) 0.133) 0.149] 0.166 
—10 0.028/0.057|0.086| 0.114) 0.142] 0.171] 0.200] 0.228] 0.256] 0.285 
0 0.048]0.096]0.144| 0.192) 0.240] 0.289] 0.337] 0.385] 0.433] 0.481 
10 0.078|0.155/0. 233] 0.310) 0.388] 0.466) 0.543) 0.621] 0.698] 0.776 
20 0.124)/0.247/0.370| 0.494} 0.618] 0.741] 0.864] 0.988] 1.112] 1.235 
30 0.194/0.387|0.580| 0.774} 0.968] 1.161} 1.354] 1.548] 1.742] 1:935 
40 0.285)0.570|0.855) 1.140] 1.424) 1.709} 1.994| 2.279] 2.564] 2.849 
50 0.408)0.815/1.223) 1.630) 2.038] 2.446] 2.853] 3.261] 3.668] 4.076 
60 0.574|1.149)1.724| 2.298) 2.872] 3.447) 4.022] 4.596] 5.170] 5.745 
70 0.798)1.596/2.394) 3.192} 3.990] 4.788] 5.586] 6.384] 7.182! 7.980 
80 1.093/2.187/3.280| 4.374] 5.467] 6.560| 7.654] 8.747] 9.841 10.934 
90 1.479/2.958]4.437| 5.916] 7.395] 8.874/10.353/11.832/13.311/14.790 
100 1.977|3.953/5.930| 7.906} 9.883/11.860}13.836/15.813]/17.789/19.766 
110 2.611/5.222|7.834|10.445/13.056)15. 667/18. 278/20. 890/23. 501|26.112 


Nors.—The above table is an abstract from Psycuromerric TABLES 
by C. F. Marvin, published by the U. S. Weather Bureau, Washington, 
D. C., as Bulletin No. 235. 


333. Humidity Of The Atmosphere is that condition of 
atmospheric air wherein it is more or less permeated with water 
vapor. Humidity is a universal and necessary attribute of 
the earths’ atmosphere. Atmospheric air in one locality may 
be many times less humid—contain less water vapor—than 


in another. But nowhere will it be found entirely without , 


water vapor. The humidity varies with the temperature. 
The cool air at the summit of a mountain is, generally, much 
less humid than the comparatively warm air in the valley at 
the mountain’s base. 


Notr.—Existence Or A Proper AMouNT Or WaTER Vapor In THE 
ATMOSPHERE Is EsspnTIAL to comfortable and hygienic living conditions, 
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both for plants and animals. For human beings, too much humidity 
is about as uncomfortable as too little. When the humidity is too low, 
one experiences a dry parched feeling. When it is too great, the “sticky” 
sensation, which occurs on damp hot days, is felt. In winter when the 
natural humidity within buildings is low due to the low humidity out of 
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Fia. 320.—Cross section showing humidifying apparatus, or “‘humidifier,’’ in air 
duct of ventilating system. (When the humidity becomes low, the humidostat, which 
is located in a room above, admits air pressure to diaphragm-valve A, thus opening 
steam valve, S.) 

Fig. 321.—Elementary air drier for blast furnace. (Ammonia is compressed in A, 
condensed in C, and allowed to expand into B. Brine is circulated through B and T. 
Air is sucked by F through 7, wherein it is cooled below the dew point, and the condensed 
vapor is removed, as water, by baffles.) 
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doors and the drying effect of the heating systems, the deficiency may be 
supplied (Fig. 320) by a humidifier. In certain manufacturing processes 
a definite humidity is quite necessary. A suitably-designed humidifier 
will provide it. In other processes, for which dry air is required, the 
moisture may be removed by a dehumidifier, or air drier (Fig. 321). 


334. Relative Humidities May Be Determined By Means Of 
The Sling Psychrometer (Fig. 322) or wet-and-dry-bulb 
thermometer. The utility of this instrument is based upon 
the principle (Sec. 300) of cooling by evaporation. Evapora- 
tion of moisture from the muslin cloth which envelopes the 
bulb of thermometer A produces a cooling effect thereof which 
causes thermometer A to give a lower reading than thermometer 
B, the bulb of which is exposed directly to the air. 


ExpLANATION.—The muslin which envelopes the wet bulb (Fig. 322) 
is thoroughly saturated with water. The sling psychrometer is then 
whirled rapidly through the air for about one minute. This is to insure a 
rapid penetration of air among the fibers of the cloth around the wet 
bulb. 

The difference between the indications of thermometers A and B is then 
noted. The one with the wet bulb will, generally, show a lower reading 
than the one with the dry bulb. This is due to the fact that, in general, 
the vapor in atmospheric air is not saturated. When there is no differ- 
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ence between the readings of thermometers A and B, the water vapor 
which is intermingled with the air is fully saturated. 

The psychrometer is based on the law of evaporation (Sec. 
298) that the rate of evaporation is greater into dry air than 
into air which contains vapor. The whirling of the ther- 
mometers causes the water on the wet bulb to evaporate 
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Fie. 322.—A sling psychrometer. 


rapidly. The evaporation cools (Sec. 300) the thermometer 
and the water around its bulb. Evaporation and cooling 
continue until the water is cooled to the temperature at which 
its vapor pressure is just sufficient to keep driving off vapor 
molecules at a constant rate. 

Now it can be shown that the relative humidity of the air is a function 
of the temperature-difference indicated by the wet- and dry-bulb ther- 
mometers of a sling psychrometer. Hence, when the temperature- 
differences are known, the corresponding relative humidities may be 
determined by consulting Table 335. 

ExamMPLe.—Suppose that air at a temperature of 70° F. is drawn into a 
building through the ventilating ducts. Also, suppose that a humidity 
test, made with a sling psychrometer (Fig. 322), shows a temperature 
difference, between thermometers A and B, of 17° F. Then, by Table 
335, the relative humidity is 30 per cent. This value is found in the 
same horizontal row with 70, which is the given air-temperature, and in 
the same vertical row with 17, which is the given psychrometer-difference. 
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336. Table Showing Relative Humidities, In Per Cent., 
Corresponding To Various Wet- And Dry-bulb Temperature 
Differences (accurate for an atmospheric pressure of 14.25 
Ib. persq. in. = 29-in. barometer). 


Temperature-difference, in degrees Fahrenheit, 
between wet- and dry-bulb thermometers 
Air temperature, in deg. 
Fahr. 
0 1| 2| 3] 4! 5] 6] 7| 8} 9]10)11/12)13)14/15}16)17)18}19)20 
32 100|90|79|69|60|50)41/31|22)13) 4 
34 100/90/81172/62|53)44/35)27/18} 9) 1 
36 100/91/82/73|65| 56)48/39\31/23)14| 6| O 
38 100|91/83}75|67|59|51/43)35)27|19}12| 4 
40 100/92|84|76/68|61|53/46'38/31'23/16| 9) 2 
42 100/92/85/77|70|62| 55/48/41|34/28/21\14| 7| 0) 
44 100|93185|78|71|64|57/51/44/37/31/24|18)12) 5 0! 
46 100|93)86|79172/65)59| 53/46 40/34/28|22)16|10 4\ 0 ] 
48 100/93/87|80|73/67|60|54/48/42136/31|25]19/14| 8} 3) 0 6/0 
50 100/93/87|81|74|68|62|56/50/44|39/33/28/22/17/12) 7; 2 0 ra 
52 100/94/88/81|75|69|63|58|52/46]41/36|30)25/20)15 10] 6) 0) 0 
54 100|94/88|82|76|70|65|59/54/48/43/38/33/28/23/18/14| 9) 5) 0) 0 
56 100/94|88/82/77|71/66|61/55|50/45/40/35/31/26/21|17/12] 8) 4| 0 
58 100194|89|83177|72|67|62/57|52147/42/38/33/28)24/20|15)11| 7| 3 
60 100/94/89\84/78|73|68/63|/58|53/49/44|40/35/31/27 22/1814/10| 6 
62 100/94!89184/79|741|69| 64] 60] 55|50/46|41/37|33)29|25)21)17)13) 9 
64 100|95|90/85|79|75170|66/61|56| 52)48/43/39/35/31|27/23/20/16)12 
66 100/95|90/85|80|76|71166|62]58|53/49]45/41|37|33/29)26|22)18}15 
68 100195|90/85/81/76|72|67|63/59| 55|51/47/43/39|35/31/28|24/21|17 
70 __|100|95|90/86|81/77)72/68|64)60|56 52/48 44/40/37 safigze 23/20 
Sez) 100/95|91|86|82)78]73|69|65|61/57|53| 49] 46|42|39|35|32|28)25)22 
74 100/95/91/86|82/78174|70|66|62|58|54/51)47|44/40/37|34|30)27 \24 
76 100/96/91187|83|/78|74|70)|67| 63] 59|55|52)48|45/42/38|/35|32|29|26 
78 100/96/91|87|83/79)|75|71|67|64)|60|57| 53) 50)46|43)40|37|34/31\28 
80 100/96|91|87|83! 79) 76/72/68] 64|61|57/54/51/47/44/41/38/35/32/29 
82 100/96/92/88|84!80|76!7 2) 69|65/62|58)55|52|49|46/43]40|37/34/31 
84 100|96|92|88|84|80|77|73|70) 66] 63) 59) 56|58/50)47/44|41|38) 35/32 
86 100|96/92\88/85|81|77|74|70| 67/63) 60/57 |54/51|48)45)42/39) 37 |34 
_ 88 100/96|/92|88/85|81|78|74|/71/67|64| 61/58] 55) 52|49)46)43)41/38)35 
90 100|96/ 92/89|85|81/78/73|71'68|/65/62|59|56/53)50/47\44/42 39 Yikes 
92 100)96/92)89/85)82|78)75|72)69) 65)62) 59|57|54|51/48)45)43)40 38 
94 100}96/93/89|86|82|79|75|7 2/69) 66| 63) 60|57|54|52|49/46)44/41 39 
96 100}96|93/89|86|82|79|76|73|70/67|64|61)58|55|53)50)47|45/42'40 
98 100}96/93/89|86|83/79|76|73)70|67|64)61/59|56 53/51 48/46/4341 
100 100|96/93/90|86|83/80|77|74|71|68|65|62/59|/57/54/52/49/47\44 42 
102 100/96|93}90|86|83/80\77|74|71/68|65|63)\60)57|55/ 52) 50/47/45 43 
104 100|97|93/90|87|84/80)77|74|72| 69/66) 63) 61/58) 56/53/51) 48)46| 44 
106 100|97|94/90|87|84/81)78|75|72|69/66|64) 61) 59/56) 54/51! 49) 47/45 


Nore.—Tue Asove Tasue Is An Assrract From PsycHROMETRIC 
Tastes by C. F. Marvin, published by the U. 8. Weather Bureau, 
Washington, D. C., as Bulletin No. 235, 
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336. Relative-humidity Determinations Are Of Much 
Practical Importance.—Forecasts of probable rain or frost 
are based by weather-bureau experts on relative-humidity 
observations. In many greenhouses the humidity is mea- 
sured regularly. It is then systematically maintained at 
such values that the plants will thrive. In industrial, office, 
amusement, hospital, and residence buildings measurement 
and control of humidity may be desirable or necessary. In_ 
such buildings, the relative humidity should be about 50 | 
_to 60-percent. In certain industrial operations lower or 
higher relative humidities are frequently necessary and are 
maintained. 

337. Low Relative Humidity In Inhabitated Buildings 
Causes Colds And Wastes Fuel.—‘‘Dry” air affects the 
respiratory organs adversely. Also, when the air is “dry” 
the evaporation of perspiration is rapid. The skin is cooled 
accordingly. Hence, with two rooms at the same tempera- 
ture, a person will feel much warmer in the one wherein the 
humidity is high than in the one in which it is low. The fuel 
waste thus due to low interior humidities is estimated to 
be from 12 to 25 per cent. 


Norre.—Mi.uikan AnD GALE Srars that ‘‘The average home that is 
heated to 72° F. by steam or hot water is estimated by health authorities 
to have a relative humidity of 30 per cent. With hot-air heating, it may 
be 25 per cent. This is less than the average humidity of extensive 
desert regions. 

338. A Psychrometric Chart (Fig. 323) provides a means 
for determining graphically the relative and absolute humidi- 
ties of atmospheric air and for solving many problems is air 
conditioning—that is, in regulating the temperature and 
humidity of the air. 

Exampix.—lIf, in a room, the wet-bulb and dry-bulb temperatures are, 
respectively, 74 and 85° F., what are the relative and absolute humidities? 
SoLution.—Following vertically upward from the dry-bulb temperature 
of 85° F. to the inclined line representing a wet-bulb temperature of 74° F 
the relative humidity is found to be 60 per cent. Also, following upward 
from 85° F., mark on the lower scale to the curve F and then horizontally 
to the left to the scale F, it is found that saturated water vapor at 85° F. 
weighs 12.7 grains per cu. ft. Hence, the water vapor in air of 60 per 
cent. relative humidity at 85° F. will weigh: 0.60 X 12.7 = 7.6 grains 


per cu. ft. 
20 
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339. Dew, Rain, Hail, Frost, Sleet, Snow, Fog, And Clouds 
Are All The Result -Of Condensation Of Moisture In The 
Atmosphere (the moisture or aqueous vapor is that produced 
by evaporation, Sec. 296). Which of these phenomena results 
is, as will be described, determined by the specific conditions 
under which the condensation occurs. 

340. The Dew Point is the temperature at which the water 
vapor in the atmosphere becomes saturated (Sec. 305) and 
will condense or deposit as drops of water or dew. 

Norse.—Tse Dew Point Witt Be Dirrerent For Dirrerent 
Assotuts Humipiries.—The greater the humidity the higher the dew 
point. The relative humidity at the dew point is always 100 per cent. 
As the temperature of atmosphere at 100 per cent. relative humidity 
decreases, there will be a certain condensation—production of dew—for 
each degree temperature decrease. But even if the air temperature is 
decreased to 32° F.—the freezing point of water—some moisture will 
remain in the air. 


341. Dew is formed when—at night—the temperature of a 
thin layer of atmosphere, which lies close to the earth’s surface, 
falls to the dew point. After the sun sets, the earth’s surface 
and the objects on it lose heat by radiation. Thereby they 
are cooled to a temperature lower than that of the main body 
of the atmosphere, which cools more slowly. But the tempera- 
ture of the relatively thin stratum of atmosphere (air and 
water vapor) immediately adjacent to the cooled earth’s 
surface and to the objects on it—such as plants, stones, and 
earth—is reduced to the dew-point or somewhat below. 
Thereby dew is formed and deposited on the objects. 

Nots.—‘Swratine”’ Occurs WHEN WatTEeR Vapor CONDENSES on a 


cool surface which has reduced the temperature of the vapor to the 
dew point. Examples are the sweating of cold-water pipes in a warm 


Fig. 323.—Psychrometric chart (Barometric pressure—29.92 in. mercury column— 
reproduced by permission from the Carrier Engineering Corporation, Newark, N. J.) 
All temperatures are in degrees Fahrenheit. Dry bulb temperatures are represented by 
vertical lines with values indicated on lower edge of chart. Wet bulb temperatures are 
represented by oblique straight lines with values indicated on the lines. Dew point 
temperatures ar2 represented by horizontal lines and their values indicated at the right. 
Percentages of relative humidity are represented by converging curved lines with values 
indicated between the oblique straight lines for 63° and 64° wet bulb temperature. 
Any two of the above properties may be found if the other two are known. First, find the 
point of intersection of the lines representing the given properties, and then follow 
through this point, the lines representing the unknown properties, and the values of the 
latter ca.a be read from their respective scales, 
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humid room and that of the inner surfaces of window panes when it is 
warm and humid inside and cold outside. Essentially, sweating is a dew 
formation. Sweating can be prevented by causing a rapid circulation of air 
about the surface upon sweating tends to occur—the removal of the air 
(and vapor) from the cold surface is thus effected before its temperature 
has a chance to be cooled to the dew point. Sweating may also be 
prevented by covering the surface which tends to ‘‘sweat’”’ with a heat- 
insulating (Sec. 114) material. This heat insulator will prevent the 
rapid transfer of heat from the warm vapor to the cool surface and thus 
minimize sweating. 

342. Frost is formed if the condensation, as described under 
“dew,” occurs upon a surface the temperature of which is 
lower than the freezing point of water. Windows become 
“frosted”? in winter, when the outside temperature is con- 
siderably below the freezing point of water. It may be 
prevented just as is sweating (see preceding note). 

343. Fog results if the cooling effect of the earth’s surface 
(see ‘“‘dew”’ above) is sufficient to decrease to the dew point 
the temperature of a rather thick stratum of atmosphere which 
lies adjacent to the earth. The water vapor in the atmosphere 
then condenses on the dust particles which are suspended 
therein and forms a fog. 

344. Clouds result when, at a considerable distance above 
the earth’s surface, the temperature of a body of water vapor 
in the atmosphere is decreased to the dew point. This may 
occur when a current of warm air passes into a cold upper 
region: The water vapor condenses around suspended dust 
particles and forms clouds. 

Norr.—Rain is formed (Millikan and Gale) if the cooling is sufficient 
to free a considerable amount of moisture. Then the drops become large 
and fall. If this falling rain freezes before it reaches the ground, it is 
called sleet. If the temperature at which condensation begins is below 
freezing, the condensing moisture forms into snowflakes (Fig. 324), 
When the violent air currents which accompany thunder-storms carry 


the condensed moisture up and down several times through alternate 
regions of snow and rain, hailstones are formed. 


345. Distillation is the process of separating the more vola- 
tile parts of a substance, from those less volatile, by vaporizing 
and subsequently condensing. For a liquid, it is done (Fig. 
325) by first boiling the solution, B, and then condensi: ig the 
resulting vapor in a separate vessel, C. By this means a 
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liquid may be freed from whatever solid substances (which do 
not vaporize at all) it may hold in solution. Or it may be 
freed from those liquid substances which vaporize at different 
temperatures (see fractional distillation, Sec. 346). 


Colo] Water 
Jacket 


Condensing ee ; 


Condenseol---...__ 
Vepor i 


os Bolling 
Liguiol 


Fie. 325.—Illustrating the principle of distillation. 


Exampie.—The water which is fed to a steam boiler usually holds 
mineral substances in solution. The water is vaporized by boiling. It 
is thus freed from the mineral substances. The water, in the form of 
steam, is conveyed from the boiler. The mineral substances, in the form 
of scale (Sec. 174), remain behind. The steam may be condensed in the 
radiators of a heating system. Then, provided there were no gaseous, 
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nor highly volatile liquid, substances in the solution which was fed to 
the boiler, pure water will be drained from the radiators. Thus the 
process of distillation will be completed. 

Nors.—Wxen Brine Or Satt-water Is Boirtep, THe RESULTING 
Srnam Conrains No Saut.—Similarly, with many other liquid solutions, 
the vapor arising from the solution is free from the solid substances 
which were dissolved in the liquid. 


346. Fractional Distillation is the process of separating 
different liquid substances which have different boiling 
temperatures, from one another. When both or several of the 
liquid constituents of a solution are volatile, the vapors of both 
or of all will each issue from the solution at its boiling tempera- 
ture. (The boiling temperature of a solution of two or more 
liquids usually lies between the highest and the lowest boiling 
temperatures of any of the component liquids although it 
sometimes lies below that of either constituent.) But, the 
liquid which has the lower boiling temperature will supply 
most of the vapor. Hence by a prolonged distillation at gradu- 
ally increasing temperatures different volatile liquids may 
usually be separated from the same solution. 


EXPLANATION.—The liquid which has the lower boiling point will 
predominate in the ensuing vapor. Thus, its concentration in the 
remaining liquid will gradually decrease and the remaining liquid in the 
boiler will gradually assume a higher boiling point. The first vapor that 
comes off will, when condensed, provide a solution which has a greater 
concentration of the more volatile liquid, than had the original solution. 
As the boiling point increases, less and less of the more volatile liquid is 
evaporated and condensed. Finally, a point is reached where the com- 
position of the condensing vapor (if but two liquids were present in the 
original solution) becomes about the same as that of the original solution. 
At this point the distillation is either stopped or the distillate (condensed 
vapor) is led into a different vessel than was used up to this point. Ifa 
greater concentration of the more volatile liquid (than the first distilla- 
tion provides) is desired, the first distillate is again subjected to a second 
distillation. In this way, by successive distillations, a product of almost 
any desired concentration may be effected. 

EXAMPLE.—FRACTIONAL DistILLATION Or Crupr O1n Provipes THE 
Various PETROLEUM Propucts (Fig. 326) such as naphtha, benzine, 
gasoline, kerosene, and the lubricating oils. The crude oil is first heated 
to a relatively low temperature which vaporizes the more-volatile prod- 
ucts. These are condensed. The boiling point of the liquid which 
remains in the still gradually rises as these more volatile products are 
driven off as vapors. At a certain temperature, the distillate is piped to 
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a second receiver. Here the components of the next less volatility are 
collected. As the boiling point reaches a certain second value, the dis- 
tillate is led to a third receiver and so on until all of the “‘fractions”’ 
have been separated. Each of these products or fractions is still a mix- 


Fia, 326.—Elementary petroleum _ still. 

(Crude oil is charged into S, and heated by ‘1e¢Honating Column 
coke fire fed at G. The vapor rises through ni 
V into F. In this fractionating column, F, 
the vapors of the liquids of the higher boiling 
temperatures (which unavoidably are 
vaporized and pass over with the liquids of 
the lower boiling temperature) are partially 
condensed. The partially condensed liquids 
are then, in F’, intercepted by the baffles and 
thereby caused to flow back into the still 
—instead of passing over into the condenser 
with the more volatile vapors. The vapors 
are condensed in Cand flow into R. The 
various fractions are separated by valves, V1, 
V2, ete. according to temperature indicated 
by T. The distillate is run off through pipes 
D. The hot base—asphalt, ete.—is allowed 
to solidify in barrels at A.) 
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ture but each is composed mainly of compounds all having nearly the 
same boiling point. Some of the products are petroleum ether, gasoline, 
naphtha, benzine, kerosene, and heavier oils. At some stage, the residual 
oil is chilled and then crystallizes partly into flakes (either paraffin or 
asphalt) which, except for the filtration of paraffin, are not further 
treated. Certain crude oils give a 
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components of solid substances, 
as wood, coal, bone. It results 
from a process of decomposition 
(Sec. 155). The substances are 
decomposed (Fig. 327) in closed 
vessels, by application of heat. 


Heating Cyanide And Noptheline 
LOT? Scrubbers 
Fig. 327.—Diagram of elementary 
by-product coke plant. (The gas and 
other products given off by the coking 


operation in O are drawn, by #, through 


C. Tar is removed in 7 and naphth- 
aline and cyanides in N. Ammonia 
is removed in A after coolingin M and 
the gas goes through P to storage 
holder.) 


The volatile ingredients are thus 
vaporized. The vapors resulting 
from different temperatures are 
conveyed to separate vessels 


wherein they are condensed. The non-volatile ingredients 
remain in the heating vessel as a semi-liquid or solid 
residuum. 
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348. All Gases May Be Liquefied If Subjected To Suffi- 
ciently Low Temperature And High Pressure.—If any vapor 
be compressed until its pressure is equal to its saturation 
pressure at the then existing temperature, the vapor will be 
condensed—that is, it will be liquefied. Again, if the tem- 
perature of a vapor be decreased until its temperature equals 
the saturation temperature at the then-existing pressure, the 
vapor will be liquefied. Or the pressure may be increased 
and the temperature decreased simultaneously until satura- 
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Fic. 328.—Illustrating the critical conditions for water. (According to the later 
steam tables, the critical temperature and pressure for water are 706.1°F. and 3,200 lb. 
per sq. in. abs.) 


tion and consequent liquefaction occurs. There is, however, a 
certain temperature for every vapor, above which it cannot be 
liquefied (Sec. 349). Since (Sec. 225) every gas is, at certain 
temperatures, a vapor, these same laws hold for all gases. 
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Norre.—A Prrmanent Gas was defined by Faraday as one which 
resisted liquefaction. Since he liquefied all known gases except hydrogen, 
nitrogen, oxygen, carbon monoxide and methane, these five were formerly 
called the permanent gases. But since then, all known gases have been 
liquefied. Hence, strictly speaking, there is no such thing as a permanent 
gas. Sometimes the term is loosely and incorrectly used to designate 
gases (such as the five mentioned above) which can only be liquefied 
at extremely low temperatures. 


349. The Critical Temperature Of A Substance is that 


temperature above which it cannot exist as a liquid (Figs. 328 
and 329). There is a certain critical temperature for each ele- 
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Fie. 329.—Illustrating the critical conditions for ammonia. 


ment and compound; see Table 350. Above its critical tem- 
perature, no pressure (regardless of how great it is) will liquefy 
a substance. The pressure of a saturated vapor (Sec. 308) at 
its critical temperature is called its critical pressure. Hence, 
its critical pressure is the lowest pressure at which a substance 
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can exist in the liquid state when it is at its critical temperature. 
The critical density of a substance is its density at its critical 
temperature and critical pressure. The critical density of 
a substance is the same whether it is in the liquid or gaseous 
state. 


Nors.—Tue CriticAL TEMPERATURE Or A SUBSTANCE may also be 
defined as that temperature above which the substance, when in its gase~ 
ous state, cannot be liquefied by pressure alone. Below its critical 
temperature the substance can be liquefied by pressure only. 

Nors.—Existence of any two of the three critical conditions: pressure, 
temperature, and density is contingent on the simultaneous existence of 
the third. 

ExAMPLES.—There can be no such thing as liquid air above its critical 
temperature which is —220° F. (220 degrees below zero). There can be 
no such thing as liquid water above the critical temperature of steam 
which is 706° F. (Table 394). 

ExAMPLE.—If it is desired to change the state (Sec. 49) of gaseous air 

-to liquid air, the first step is to subject it to a pressure of about (see 
Table 350) 585 1b. per sq. in. abs. Next, while the air is subjected to this 
pressure, it must be cooled to somewhat below its critical temperature of 
—220° F. Then it will be converted into liquid air. If its temperature 
exceeds —220° F., no pressure, however great, will liquefy it. If the 
temperature is less than —220° F., a pressure correspondingly less than 
585 lb. per sq. in. abs. will cause liquefication. 

ExampiE.—Consider a quantity of water which is confined in a closed 
vessel. The vessel is heated. Thereby some of the water is vaporized. 
As additional heat is imparted and more of the water vaporized, the pres- 
sure within the vessel increases. This increases the density of the vapor. 
But as the temperature rises, the density of the water diminishes (Sec. 
205). Ultimately a temperature and pressure will be reached at which 
the density of the steam will be equal to that of the water. This tem- 
perature and pressure are, approximately, 706° F. and 3,200 lb. per sq. 
in. abs. (Marks and Davis’ Srmam TasuEes). When this condition has 
developed, any further addition of heat will change all the water into 
steam since the water has then no latent heat of vaporization. A slight 
loss in heat will then result in instantaneous condensation of a consider- 
able quantity of water. 

Exampie.—lIf approximately equal volumes of liquid carbon dioxide 
and its saturated vapor are sealed (Fig. 330) in a heavy-walled glass tube, 
it may be easily heated above the critical temperature of carbon dioxide 
(88° F.) in warm water. As the temperature of the water approaches 
88° F., the meniscus, A, or dividing line between the liquid and the vapor 
will give way to a foggy appearance at the point, B. At the instant that 
the critical temperature is passed, the tube will be full of gas only and 
will appear to be empty. 
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Note.—Tue East Wits Waicu Tur CriticAL TEMPERATURE OF 
A Gas May Br Arrainep Larcety Determines Tue Faciuity WITH 
Wuicu Tur Gas May Be Liqueriep.—The vapors of many substances 
such as: water, alcohol, ether, ammonia, and carbon dioxide may be 
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Fig. 330.—Showing vaporization of carbon dioxide at critical temperature and pressure. 


readily liquefied since temperatures (Table 350) well below their critical 
temperatures can readily be obtained. But liquefaction of certain gase- 
ous substances such as air, carbon monoxide, and hydrogen is accom- 
plished only with considerable difficulty. The reason is that the critical 
temperatures of these gases are (Table 350) extremely low and therefore 
difficult to obtain. 


316 PRACTICAL HEAT [Drv. 10 


350. Table Showing Critical Temperatures and Pressures 
Of Various Substances. (From Marks’ Mercnuanican 
ENGINEERS’ HANDBOOK.) 


Critical pressure Boiling 

Critical temperature 

tempera- of liquid at 

Pusan ture, deg. | 1In In atmospheric 
Fahr. atmos- | lb. per pressure, 

pheres | sq. in. | deg. Fahr, 
Acetylene (C2H2)......... 95.0 68.0 1,000 —117.4 

BU) esti eae pea ir oro — 220.0 39.0 573 

INOS | (OAS OG ooocoeee 421.0 65.0 956 172.4 
Amarmiontais (NUET;) eeeeraeieie 266.0 115.0° } 1,691 — 27.4 
Benzola(@c Ea) ances 554.0 50.0 735 176.0 
BROMINE AM ere chs some oe 512.0 Saves lente see 142.0 
Carbondioxide..........- 88.2 USO 1s, Sy. —110.0 
Carbon monoxide......... —222).0 35.9 528 —310.0 
Carbon disulphide........ 468.0 78.1 1,148 115.0 
Chloroiorm esperar 500.0 54.9 807 141.0 
Chilorines eae eee 289 .0 92.0 1,352 — 27.4 
Hither: (CiHiip@) se eeeaisee 381.2 37.0 544 95.0 
Hithane Sean eres ee be 31.0 45.2 665 —135.0 
Hthiylenetetese cera ere 50.0 54.0 794 —157.0 
Eleliuimpeee sere ee ees —448 .6 3.0 44.1} —450.4 
Ey drogenteenae ee erae —402.0 20.0 294 —423.0 
Hydrogen chloride........ 125.6 87.0 1,278 —112:0 
Hydrogen sulphide....... 212.0 94.0 1,382 — 61.6 
Methane (CH,).......... —115.6 57.0 838 — 263.0 
Nitric oxide (NO)........ —1387.2 73.0 | 1,073 — 238.0 
Nitrous oxide (N2O)...... 96.8 80.0 ila lize: —134.0 
INItrogenet cars oie eee oe — 236.0 35.0 514 —321.0 
OXV EOD hia ee ee —180.4 50.0 735 —297.0 
Pentanes sermon rere 386.6 34.0 500 96.8 
Sulphur dioxide.......... 314.6 SO Oa e ledges 14.0 
aC W Biber Atos els sage roe ee LOGE 2 Sealo 200 212.0 


1] atmosphere = 14.7 lb. per sq. in. 
2 From Marks and Davis’ Stam Tasuns. 
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QUESTIONS ON DIVISION 10 


= 


- Define vaporization. Give some examples of its practical applications. 
. Explain in general terms the distinction between a gas and a vapor. 

8. What kind of a vapor is steam? 

4. Name and define the three different kinds of vaporization. 

5. Under what temperature conditions will evaporation occur? 

6. Explain the molecular theory of evaporation. 

7. State the laws governing evaporation. Explain each law. 

8. What effect does evaporation have on the temperature of the evaporating liquid 
and the adjacent bodies? Explain. Give two commercial applications. 

9. Give some examples of freezing and cooling by evaporation. 

10. What is condensation? Explain. Give a practical application of heating by 
condensation. 

11. What change in volume takes place when a substance vaporizes or condenses? 

12. What isasaturated vapor? Explain saturation theoretically. What happens if a 
saturated vapor is cooled at a given pressure? 

13. What are Dalton’s laws for vapors? Explain an exception to the second law. 

14. What determines the vapor pressure of a given liquid? What effect has the 
presence of another gas on evaporation? On vapor pressure? 

15. What is meant by saturation pressure? 

16. Why do bubbles form when a liquid is heated to its boiling point? Of what are 
they composed? Why do they sometimes disappear before they reach the liquid surface. 

17. Why is ebullition usually more rapid than evaporation? 

18. What is the relation between vapor pressure and boiling point? Illustrate with a 
sketch showing the forces which act upon a bubble. 

19. Why does not a body of liquid all evaporate at once when heat is applied to it at its 
boiling point? 

20. How does difference in pressure affect boiling point? Describe an experiment in 
which boiling point is lowered by a pressure change. One in which it is raised. 

21. How is the boiling point of a liquid affected by a dissolved solid? By a dissolved 
gas? 

22. Give two examples of sublimatior. 

23. What is latent heat of vaporization? Into what two parts may it be divided? 
Explain. 

24, Why is the large latent heat of vaporization of water a disadvantage in steam 
power generation? An advantage in steam heating? 

25. How does increased pressure and temperature affect latent heat of vaporization? 

26. What are the principal constituents of atmospheric air? 

27. Define humidity. In what two ways may the atmospheric humidity be expressed 
numerically? 

28. What degree of humidity is most suitable for animal life? How may the humidity 
be increased artificially? How decreased? 

29. Explain the principle and use of the psychrometer in determining relative humidity. 
What is the practical use of such determinations? 

30. What is meant by dew point? How is dew formed? 

31. Explain the sweating of cold objects in warm air. How may it be prevented? 
Give 2 ways. 

32. Explain frost, fog, and rain? How is snow formed? 

33. Explain fractional distillation. Destructive distillation. Give a commercial 
application of each. 

34. What is the critical temperature of a substance? What is its critical pressure? 
Critical density? Describe condensation and vaporization at critical temperature and 
pressure. 

35. What is the effect of the critical temperature of a gas on the ease with which it 
can be liquefied? 


i) 
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PROBLEMS ON DIVISION 10 


1. How much heat must be added to 1 lb. of water at 32° F. to change it to steam at 
atmospheric pressure? 

2. How much heat must be added to 1 Ib. of ice at 32° F. to change it to steam at 
atmospheric pressure? 

3. What is the weight of the water vapor in 1 cu. ft. of air at a temperature of 70° F., 
if the relative humidity is 55 per cent.? 

4, The temperature of the wet- and dry-bulb thermometers in a room are 70° F. and 
58° F. respectively. What is the relative humidity and what weight of water vapor does 
each cubic foot of air contain? Compute from the tables. 

5. In an industrial plant, the wet- and dry-bulb temperatures are respectively 90° F. 
and 75° F. on a summer day. Find, by means of the psychrometric chart of Fig. 323, 
the relative humidity and the weight of water vapor in 1 cu. ft. of the air. 

6. If, in the plant of Prob. 5, a relative humidity of 80 per cent. is necessary for certain 
processes, find what the wet-bulb thermometer should be made to read and how much 
moisture must be added to each cubic foot of air. 

7. If, in Prob. 6, it is desired to raise the relative humidity by cooling the air, to what 
temperature must it be cooled? 

8. (a) What is the state of water at the temperature of 800° F. and under the pressure 
of 200 Ib. per sq. in. abs.? (b) At 800° F. and 3,500 lb. per sq. in abs.? (c) At 1,000 
lb. per. sq. in. abs. and 500° F.? (d) At 350° F. and 75 lb. per sq. in. abs.? 

9. (a) What is the state of ammonia at 70° F. and 100 lb. per sq. in. abs.? (b) At 
700° F. and 500 lb. per sq. in. abs.? (c) At 140° F. and 500 lb. per sq. in. abs.? (d) 
At 0° F. and atmospheric pressure? 


DIVISION 11 


STEAM AND OTHER VAPORS 


351. A Vapor Is Any Substance In The Gaseous State 
Which Does Not Even Approximately Follow The General 


Gas Law (Figs. 331 and 
332). That is, as explained 
in Sec. 225, vapors are 
substances in the gaseous 
state at or near their 
liquefaction conditions. 
The general gas law is ex- 
plained in Sec. 248. The 
reason for this departure 
of the performance of 
vapors from the general 
gas law is that the vapors, 
when heated or cooled, ex- 
perience some disgregation 
work (Sec. 98). The gen- 
eral gas law is based on a 
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Fie. 331.—Showing deviation, of relation of 
temperature to pressure of steam, from Charles’ 
law. Graph ABC shows the actual behavior 
of—water vapor—steam. (The values are for 
1 lb. of steam confined to a constant volume of 
1.62 cu. ft. If steam were a perfect gas, the 
graph would take the form of the dotted line 
A’ B’.) 


perfect gas which would experience no disgregation work 


when heated or cooled 
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small amounts of disgrega- 
tion work. Vapors experi- 
ence large amounts of dis- 
gregation work; this is 
very evident at the boiling 
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point of a liquid at which 
point the liquid is changed 
to a vapor and a great 


Fic. 332.—Showing deviation of water vapor change of volume occurs 


—steam—from Gay Lussac’s law at 600 lb. 


per sq. in. abs. pressure. 


with no change in the 
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pressure which is exerted by the vapor or in its tempera- 
ture. The consequence is that, for most vapor calculations, 
it is infeasible to use formulas. Instead, it is necessary to 
use values which have been determined by experiment and 
listed in tables. The use of these tables will be described later; 
the Steam Table 394 is an example. 


Norre.—Hicuiy SupERHEATED Vapors Are Gasss, if the super- 
heat is sufficiently great, and they do then approximately follow the 
perfect gas laws. 


352. Vapors Are Essential To The Operation Of Most 
Refrigerating Plants, Many Power Plants And For Many 
Industrial Processes.—Hence, a knowledge of their properties 
and behavior is very important to the engineer. Water vapor 
—steam—is used to generate more power than any other 
substance; see following Sec. 391. The vapors, ammonia, 
sulphur dioxide, and carbon dioxide are practically the only 
substances used as refrigerants in the manufacture of artificial 
ice; see Div. 18. The examples just stated indicate how 
extensively vapors are used in industry. All behave similarly 
even though they have different boiling points. Thus, the 
general principles stated in this division are true for all vapors. 

: But the properties of only the four 
ohare important vapors, named above, 

Temperature, Will be treated in detail. 
353. Vapors May Occur In Any 
Saturated vapor-“-\ ¥ One Of Three Conditions: (1) 
[Pree Geese | Saturated vapor which may be 
ie oe eee & either wet or dry. (2) Superheated 
ee eee Sy vapor. (3) Supersaturated vapor. 

~ —y/ Each of these conditions will be 
ate \\/ HC sn discussed separately. 

a Sere ates ae Aan, 354. Saturated Vapor Fig. 333 

Wnania bbanntud (see also discussionand definition 
given in Sec. 305), is vapor at the 
temperature corresponding to the 
boiling point of the liquid at the imposed pressure. As 
explained in Sec. 315, there is, for each different liquid sub- 
stance, a certain definite boiling point for each pressure. A 
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Fie. 333.—Illustrating the meaning 
of the term “‘saturated vapor,” 
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substance which is in the vaporous form in a confined space 
and which is in contact with some of the same substance which 
is in the liquid state, is always at the same temperature as the 
liquid and is saturated vapor. When heat is added to a 
confined (at constant pressure) body of saturated vapor and to 
~ the liquid with which it is in contact, more of the liquid 
vaporizes but the temperature of the liquid and vapor remains 
constant. Similarly if heat is extracted, more of the vapor 
~ will condense but the temperature will also remain constant. 
The temperature will not change until the liquid is all vapor- 
ized or until the vapor is all condensed; see Sec. 322 on “latent 
heat of vaporization.”’ If the pressure to which the saturated 
vapor and its liquid are subjected is varied, the temperature 
of both liquid and vapor will always vary correspondingly with 
it—but the temperature of the confined vapor will in every 
case be the same as that of the liquid. 

Nore.—For A Given Pressure, Toe TEMPERATURE AND DENSITY 
Or A Saturatep Varor Arn Fixrp.—The temperature and density can- 


not be changed without also changing the pressure; see Sec. 305; also 
see Steam Table 394. 


355. Saturated Vapors May Be Either Dry Or Wet.—A dry 
saturated vapor is one that does 
not contain any liquid. It con- 
tains just sufficient heat energy to 
maintain all of the substance in 


the vaporous form; see also Sec. Mi ~ > * aa oO; Ce 
i 1 Film of Water A LG Oana 


305. A wet vapor is one that is oe aT 
: i Vogalver ‘ees 
saturated but it also contains MY, lene Pe. 
. . . . . r Wy 
liquid particles, (Fig. 334), either Qi‘. 8 @lecter wf 
in the form of mist or as fine drop- \ el es 2 Gk’ 
lets in suspension. It does not 
contain sufficient heat energy to 
Fic. 334.—Cross-section of steam 
maintain all of the substance in the pipe showing the distribution of 
vaporous state. water in a main carrying wet steam. 


Nots.—Ir Some Or Tue Hat Or Dry Saruratep Vapor Is 
AxpsoRBED by an outside body, some of the vapor will condense and 
wet vapor will result. 

Norr.—In Practice Wurst THE Vapor Is Propucep By Boi.ine, 
Ir Is Dirricutr To OstTain An AssoLuTELY Dry SaTuRATED Vapor, 

21 
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because, if boiling takes place at even a moderate rate, some liquid 
particles are always carried upward with the rising vapor. Further- 
more, when the vapor is transmitted any considerable distance through 
pipes, it usually loses some heat which causes more vapor to condense 
(Sec. 301) and consequently produces more liquid in the vapor. 


356. Superheated Vapor is vapor the temperature of which 
is greater than that of the boiling point corresponding to the 
pressure imposed on it. The temperature of a vapor may be 
increased above that corresponding to the imposed pressure 
by adding heat to the vapor (Fig. 335) after the liquid has all 
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Fig. 335.—'‘‘Elesco”’ superheater applied to a water-tube boiler of the cross-drum ‘type. 
(The Superheater Company.) 


been vaporized or after the vapor has been separated from con- 
tact with the liquid. Superheated vapor contains more heat 
energy than that required merely to maintain the substance 
in the vaporous condition. It contains the additional heat 
energy required to raise the temperature of the vapor above 
the temperature corresponding to the pressure. The super- 
heated condition of a vapor in one which is not in thermal 
equilibrium with the liquid, for if superheated vapor is brought 
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in contact with the liquid substance, it will give up that 
portion of its additional heat which is required to vaporize 
the liquid, providing it contains that much additional heat. 
If it does not contain sufficient additional heat to vaporize 
all the liquid, it will give up all its additional heat and some 
of the liquid will not be vaporized. 

Notr.—WHiILE SATURATED VAPOR Can Have ONty ONE TEMPERA- 
TuRE AND Density For A Given Pressure, SUPERHEATED VAPOR CAN 
Have Any Tremprrature Aspove Tue Boitrna Point AnD Any DEnsiItTy 
less than that of saturated vapor, for the given pressure. At constant 
pressure the temperature of superheated vapor increases with the heat 
added. 

Notr.—Tur Amount Or Suprrueat In A Vapor Is Given in terms 
of the difference between its temperature and that of saturated vapor at 
the same pressure. Thus, vapor which has a temperature 50° higher 
than saturated vapor at the same pressure is said to contain ‘‘50° of 
superheat.”’ 


357. Supersaturated Vapor is vapor the temperature of 
which is less and the density of which is greater than that 
corresponding to the pressure imposed on it. This condition is 
obtained when vapor is cooled by its own expansion until it 
contains less heat energy than would the saturated vapor 
under the same conditions. This condition cannot always be 
obtained because—after the heat energy of the vapor is 
reduced to that of saturated vapor under the same conditions, 
and then more heat is abstracted—some of the vapor usually 
condenses and the heat in the remaining vapor is the same. 
Under certain special conditions, however, for some reason not 
fully understood, condensation does not take place and the 
vapor changes to the supersaturated condition. This con- 
dition is a very unstable one and the vapor soon resumes the 
saturated condition. 

Note.—Tuis SuPERSATURATED ConpDITION Or Vapor Is ORDINARILY 
Or No Importance In Pownr PLANT Practice except to the turbine 
designer—it occurs only in the expansion in a turbine or other nozzle. 
It is mentioned here only to show that this condition may exist. It will 
not be further discussed. 


358. Vapors, When Used In Engineering Processes, Do 
Not Remain In The Same Condition Throughout The Process; 
That Is, Their “Properties” Change.—At certain points in a 
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process the substance may be all vapor, at other points it may 
be all liquid, while at intermediate points it may be part liquid 
and part vapor. The pressure on the vapor may vary through 
a wide range and also the temperature. With these pressure 
and temperature changes, the volume of 1 lb. of the substance 
must also change. The fact that the working substance is 
used as a vehicle for conveying heat, necessitates its possessing 
a different quantity of heat at different points or conditions. 
These several qualities, pressure, temperature, specific volume, 
heat content, and others which are related to one another are 
spoken of as the properties of the vapor. 

359. The Various Properties Of Each Vapor Are Interrelated. 
That is, they depend upon one another; hence, if some of 
them are given or observed, the others may be found. It was 
shown in preceding Sec. 354, that for saturated vapor at a given 
pressure, the temperature is always the same. ‘Thus, if the 
pressure of saturated vapor is observed, its temperature can 
be found from a vapor table in which the results of previous 
experiments are tabulated. Likewise, all the other properties 
of a given weight of a certain vapor which will be described 
later, such as latent heat of vaporization, can be found when 
any two properties, such as the pressure and quality for satu- 
rated vapor or the pressure and temperature for superheated 
vapor, are known. However, if it is known that the vapor is 
dry and saturated only one other property such as the pressure 
need be known, since the knowledge that it is dry constitutes 
the second known property which is ‘‘ quality.” 


Note.—For Dry Saturatep Varor, THE PREssuRE NrEp Not Br 
Tuer OpsreRvED Propprty.—Any property may be the observed one and 
all the other properties may be found from it. In steam practice the 
pressure is usually observed while in refrigeration practice the tempera- 
ture is observed. Likewise with wet saturated or superheated vapor any 
two properties may be observed to determine the remainder. But for 
wet saturated vapor, temperature and pressure cannot be counted as 
two properties for one determines the other; hence, another property 
besides either one of them must be given. 

Notrr.—PressuRE Gages, THERMOMETERS, AND VAPoR CALORIM- 
ETHRS are used to determine the properties of the substances at various 
points. Vapor calorimeters (Sec. 392) determine the percentage of 
liquid carried with the vapor. 
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360. By The ‘‘Quality” Of Saturated Vapor is meant the 
percentage of dry vapor present in the given amount of the 
wet saturated vapor. It is, in this book, usually expressed 
as a decimal but it is often expressed as a percentage. That 
is, if 100 lb. of wet vapor contains 2 lb. of liquid and 98 lb. 
of dry vapor, the quality of the vapor is 98 per cent. or 0.98. 
It is important to know the quality of a vapor in ascertaining 
its heat_content_per pound (see Sec. 365). “Quality” is also 
used in calculating engine economies. Quality is determined 
by means of vapor or steam calorimeters, as is explained in 
Sec. 392. 

Exampie.—Assume that an engine requires 10,000 lb. of dry steam 
per hour for a given output. It is found that the quality of the steam 
furnished to it is 94 per cent. Neglecting the heat of liquid in the water, 
what weight of wet steam must be furnished? Soxtutrion.—The 10,000 
lb. of steam is 94 per cent. of the weight of wet steam necessary. Then: 
the weight of wet steam required = 10,000 + 0.94 = 10,630 lb. per hr. 


361. The Properties Of The Vapors Used In Practice Are 
Arranged In “Vapor Tables.”—The values found therein 
(Tables 394, 395, 399, 400 and 401) have been determined 
accurately by experiment. They form the basis for many 
vapor calculations. Such tables must be employed because 
the properties of vapors cannot be determined from the 
general gas law (Sec. 248) or other simple formulas. The 
values given in the tables are for dry saturated vapors but they 
may be used also for wet-vapor computations. When they 
are so used, the amount of liquid present in the wet vapor 
must be given consideration. This is necessary because the 
tables give values which apply only to the vapor and not to the 
liquid and vapor together; see Sec. 366. The tables given in 
this division are abstracts of more extensive tables; but they are 
complete enough for most engineering work except engine, 
turbine, or refrigeration-compressor designing. 

Nors.—TueE Heat-content Vaturs SHowN In Tue Vapor TaBLEs 
InpicaTe Onty Tue Heats Or 1 Ls. Toe Vapor ABove 32° F, Liquin, 
although the liquid at 32° F. does contain some heat. As explained in 
Sec. 108, some starting point must be chosen because the total heat in a 
body, that above 0° F. abs., cannot be measured. This arbitrarily 


chosen point, the liquid state at 32° F., is a convenient one for most 
vapors. Calculations will not be affected by the temperature which is 
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thus used as this starting point (or datum) above which the total heat 
of the vapor is considered, for in engineering only the difference in heat 
content between two conditions of the vapor is desired and not the total 
heats. Almost any reasonable temperature other than 32° F. might 
have been chosen as the standard starting point; but 32° F. was chosen. 
It is convenient and hence is widely used. 

Nore.—Tuere ArE Two Tastes For Eacu Varpor.—One table con- 
tains the properties of the dry saturated vapor and the other the properties 
of the superheated vapor. The table of the properties of superheated 
steam is the only table of superheated vapors given in this volume. 
The properties of wet vapor can be determined from the table of dry 
saturated-vapor properties by the method shown in Sec. 366. The 
properties of supersaturated vapors are not tabulated since this condition 
of vapor, as stated in Sec. 357, seldom occurs in engineering practice. 


362. To Determine The Properties Of A Vapor At Some 
Pressure Between Those Given In Tables 394, 395, 399, and 
400, interpolate as explained below and by the following 
example. This method is quite accurate. There are, how- 
ever, charts of the properties of vapors, as shown in Fig. 3438, 
from which these intermediate values can be read directly. If 
the charts are large and accurately made, the values obtained 
from them will be more accurate than those found by inter- 
polation of the values given in the table. However, most 
charts are small and not precisely printed, which tends to 
render them inaccurate. Hence charts should not be used for 
exact computations unless they have been previously checked 
with a table of known accuracy. Charts will be further 
discussed in Sec. 382. 


ExampLe.—Find the temperature and latent heat of 1 lb. of steam at 
154 lb. per sq. in. abs. Soxution.—The pressure, 154 lb. per sq. in. 
abs., is 0.4 of the range from 150 to 160 in Column 2, Table 394. That 
is, 160 — 150 = 10 and 154 — 150 = 4, and 4+10=0.4. Therefore, 
the temperature at this pressure is approximately 0.4 of the range from 
358.5 to 363.6° F., greater than 358.5° F. Thus it will be: 358.5 + 
0.4(363.6 — 358.5) = 360.5° F. Similarly, the latent heat of steam at 
154 lb. per sq. in. abs. is: 863.2 — 0.4(863.2 — 858.8) = 861.5 B.t.u. 


363. The Heat Of The Liquid, h (Tables 394, 399, 400 and 
401), as given in tables of vapor properties, is the heat in 
British thermal units required to raise the temperature of 1 lb. 
of the liquid from 32° F. to that temperature at which the 
liquid begins to boil at the given pressure, P. In changing a 
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liquid to a vapor under constant pressure, the temperature of 
the liquid must first be brought up to its boiling point at the 
given pressure before the liquid can evaporate (Sec. 315). 
The heat required to do this is called the heat of the liquid. 


Note.—Tur Heat Or Tue Liguin May Br Founp ApPpRoxIMATELY 
By Mottietyine Tue Spreciric Heat Or Tux Liquip By Tur TempERa- 
TURE Risp; see Sec. 92. For water the specific heat is approximately 1. 
Hence the heat of the liquid for water vapor or steam then must be 
approximately equal to the difference in temperature between the tem- 
perature under consideration and 32° F. See Table 394, column 5. 

Exampie.—The heat of 1 lb. of liquid (water) at 261° F., as shown 
by Steam Table 394, is 229.6 B.t.u. The temperature difference between 
261 and 32° F. = 261 — 32 = 229° F. This value is nearly equal to the 
actual heat of liquid in B.t.u.—229.6—as shown by the steam table. 
The correct value is the one given in the steam table. 

Nore.—Tue Haat Or Tue Liquip Increasns WitH Tap PRESSURE.— 
Since the temperature increases with the pressure, the heat of the liquid 
must also increase with the pressure. 

Norr.—Vaprors ARE OrreN UsED Bretow 32° F. In REFRIGERATION 
Procrssss (see Tables 399, 400, and 401). For temperatures below 32° 
F., the heat of the liquid given in the table must be extracted from, instead 
of added to the liquid at 32° F. to bring it to the temperature under con- 
sideration. Hence, the heat of the liquid is given the negative sign in 
the vapor tables when the temperature of the liquid is below 32° F. At 
32° F. the heat of the liquid must be zero. 


364. The Latent Heat Of Vaporization, L, (see Sec. 322 
for definition) is also given in the vapor tables. The value 
of the latent heat of vaporization decreases as the imposed 
pressure increases (see Tables 394, 399, 400, and 491 for 
saturated vapors) until the critical pressure is reached; there 
it becomes zero. Thelatent heat of vaporization is, as explained 
in Sec. 325, divided into two parts: (1) The external latent 
heat of vaporization—external-work heat—which is equivalent 
to the amount of mechanical work done by the vapor in expan- 
ding from the liquid to the vapor state. (2) The internal 
latent heat of vaporization—disgregation heat—which is the 
increase in internal heat energy accompanying the vaporization ; 
see also Sec. 107. The values for these two parts of the latent 
heat of vaporization are also given in the saturated-vapor tables 
in the columns headed Lz and L, respectively. It is a useful 
fact to remember that it requires about 1,000 B.t.u. (see Steam 
Table 394) to vaporize 1 lb. of water at atmospheric pressure. 
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Nore.—No VauvuE For Tue Latent Heat Or VAPorizATION Is GIVEN 
In Taste 395 Or Tun Propertizs Or SUPERHEATED WATER VAPOR. 
—These values can be found from the table of the properties of saturated 
vapors under the latent heats of vaporization for the same pressure; see 
following example. ‘The latent heat. depends on the pressure and not on 
the amount of superheat. o4. gant 

Nots.—Txue Terms “Latent Heat Or Tuz Vapor” and ‘Heat Or 
VAPORIZATION” are sometimes used instead of ‘“‘Latent Heat of 
Vaporization.”’ 

Examrie.—Find the amount of heat that was required to vaporize 
10 lb. of steam which is at 160 lb. per sq. in. gage and has a temperature 
of 500° F. Soxrution.—From saturated-steam Table 394, the tempera- 
ture of steam which is at 160 lb. per sq. in. gage pressure, is found to be 
only 370.8° F. Hence the steam given in this example must be super- 
heated steam. But this does not affect the solution of the problem 
because the heat of vaporization of superheated steam is the same as that 
for saturated steam at same pressure. In saturated-steam Table 394 
on the horizontal line with 160 Ib. per sq. in. gage pressure in the L 
(heat-of-vaporization) column.is the value ‘852.7.’ This is the heat in 
B.t.u. required to vaporize 1 lb. of steam. To vaporize 10 lb. of steam: 
10 X 852.7 = 8,527 B.t.u. are required. 


365. The Total Heat Of A Vapor, (Hp Column 4, Table 394), 
is the amount of heat which must be supplied to 1 Ib. of the 
liquid which is at 32° F, to convert it, at constant pressure, into 
vapor at the temperature and pressure considered. This 
value is given in both the tables of the properties of saturated 
vapors and those of the properties of superheated vapors. 
The total heat is, for dry saturated vapor, the sum of the heat 
of the liquid, h, and the latent heat of vaporization, L; see Sec. 
108. The total heat of any dry saturated vapor increases 
with the pressure. For superheated vapors, the total heat 
(Table 395) includes not only the heat. of the liquid and the 
latent heat of vaporization but also the additional heat 
required to superheat the vapor. 

Notr.—Tue Toran Har Or A Varor Derenns ON How Tue 
Vapor Is Hrarepv.—The total heat given in the tables is for heating at 
constant pressure. If the liquid is heated in some other manner, as at 
constant volume, the total heat added would be different. 

ExaMPLe.—Find the amount of heat which must be supplied to 53 lb. 
of water at 59° F. to convert it into saturated steam at 250.3° F. Do not 
use the Hp values in Column 4 of Table 394. 

SotutTion.—The heat of liquid at 250.3° F. is 218.8 B.t.u. per lb. At 
59° F, it is 27.08 B.t.u. per lb, The amount of heat that must be added 
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to the liquid to raise it to the required temperature is then: 218.8 — 
27.08 = 191.72 B.t.u. per lb. The heat required to vaporize the liquid 
at 250.3° F. is 945.1 B.t.u. per lb. Hence, the total heat required is: 
(945.1 + 191.72) X 53 = 1,136.82 < 53 = 60,250 B.t.u.for 531b. Nore. 
—This result would be obtained in practice by subtracting the heat of 
liquid, 27.08 B.t.u., from the total heat of steam 1,163.9 giving 1,136.82 
B.t.u. per lb. as before. 


366. The Total Heat Of A Wet Saturated Vapor Cannot Be 
Obtained Directly From The Vapor Tables.—However, it 
can be calculated when the quality is known by the use of the 
following formula, the derivation of which is given below: 
(242) Hy =h-+xL (B.t.u. per pound) 
Wherein: Hy = the total heat of wet vapor, in British thermal 
units per pound. h = the heat of liquid at the temperature of 
the wet vapor, in British thermal units per pound. x = the 
quality of the wet vapor, expressed decimally; that is, the 
fraction of the mixture that is vaporized. L = the latent 
heat of dry saturated vapor at the pressure of the wet vapor. 


Exampie.—Find the total heat of 1,100 lb. of wet ammonia vapor 
having a quality of 96 per cent. The temperature of the vapor is 60° F. 

SotutTion.—From Table 400 for the vapor at 60° F., h = 30.9 B.t.u. per 
lb. and L = 522 B.t.u. per lb. By For. (242): the total heat per lb., 
Hy =h+xL = 30.9 + (0.96 X 522) = 30.9 + 501.1 = 532 B.t.u. per 
Ib. For 1,100 lb.: the total heat = 1,100 X 532 = 585,200 B.t.u. 

DerivaTIon.—Wet vapor (Sec. 355) has liquid particles suspended 
in it. Since the liquid particles contained in the wet vapor are at the 
same temperature as. the vapor, the heat of the liquid, h, contained in a 
‘given weight of wet vapor must be the same as that ponte in the 
_ same weight of dry saturated vapor at the same pressure. But also, the 
Vapor portion of wet vapor contains latent heat of vaporization. Now, 
by definition, the weight of dry vapor in 1 lb. of wet vapor is equal to the 
quality, x, of the vapor expressed decimally. Hence, the latent heat in 
1 lb. of wet vapor must equal the latent heat, L, of bss saturated vapor 
times the quality. That is, the latent heat present in 1 lb. of wet vapor = 
xL. Hence the total heat present is: 


(243) Hy =h-+xL (B.t.u. per Ib.) 
which is the same as For. (242). 


367. The Total Heat Of Superheated Vapor Can Be Com- 
puted When No Table Of Superheated-vapor Properties Is At 
Hand.—The temperature and pressure of the vapor must 
both be known. For steam, find the temperature in Steam 
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Table 394 corresponding to the pressure of the vapor. The 
difference between this temperature and the observed tem- 
perature is (Sec. 356) called the degrees of superheat. Then 
find, from the graph of Fig. 336, the mean specific heat of super- 
heated steam for this pressure and degree of superheat. 
Now, the total heat of superheated vapor is: 


(244) H; = HD+ CTs (B.t.u. per lb.) 
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Fia. 336.—Chart showing mean specific heat of superheated steam for various pressures 
and degrees of superheat. 


Wherein: Hs = the total heat of superheated vapor, in British 
thermal units per pound. Hp = the total heat of saturated 
vapor at the same pressure as that of the superheated vapor, in 
British thermal units per pound. C = the mean specific heat 
of superheated vapor at the pressure and degrees of superheat 
considered; for steam see Fig. 336; for other vapors see note 
below; 7's = the degrees of superheat of the vapor, in degrees 
Fahrenheit. 


ExamPLe.—A certain volume of steam has a temperature of 397° F. 
and a pressure of 180 lb. per sq. in. abs., what is the total heat per pound? 
Sotution.—The temperature corresponding in Steam Table 394, to 
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180 lb. per sq. in. abs. is 373.1° F. There are, therefore: 397 — 373.1 = 
23.9° F. of superheat. The mean specific heat of superheated steam under 
these conditions is (A, Fig. 336) 0.64. Hence, by For. (244), the total 
heat of superheated steam: Hs = Hp + C7’s = 1,196.4 + (0.64 X 
23.9) = 1,211.3 B.t.u. per Ib. 

Norr.—Tsus Mean Sreciric Heats Or SupprRHeATED AMMONIA, 
Carpon Dioxmr, AND SuLtpHur Dioxins, throughout the ordinary 
working ranges, may be taken as: ammonia, 0.52; carbon dioxide, 0.21; 
sulphur dioxide, 0.15. These are specific heats at constant pressure, 
Sec. 267. 


368. The Specific Volumes Of Vapors (the volumes of 1 lb.) 
are given in the vapor tables for dry saturated vapors and for 
superheated steam. The specific volumes of superheated 
ammonia, carbon dioxide, and sulphur dioxide may be found 
with reasonable accuracy by applying the general gas law and 
the constants given in Div. 8. The specific volumes of wet 
vapors may be computed, with reasonable accuracy, by For. 
(245) below. If extreme accuracy is desired For. (246) may 
be used. 


(245) Vw =XxVp (cu. ft. per lb.) 


Wherein: Vw = the specific volume of the wet vapor, in cubic 
feet per pound. x = the quality of the vapor, expressed 
decimally. Vp = the specific volume of dry saturated vapor 
of the same pressure, in cubic feet per pound; Vp can be found 
from the vapor tables. 


DrERIVATION.—Since 1 lb. of the wet vapor contains x Ib. of dry satu- 
rated vapor and (1 — x) lb. of liquid at the boiling temperature, the 
specific volume of the wet vapor must be the sum of the volumes occupied 
by x lb. of dry saturated vapor and (1 — x) lb. of liquid. If Vz is the 
specific volume of the liquid at the boiling temperature, then the volume 
of (1 — x) lb. of liquid will be (1 — x) X Vz cu. ft. Also, the volume 
of x Ib. of dry saturated vapor will be x X Vp cu.ft. Hence, the specific 
volume of the wet vapor, 

(246) Vw = (1 — x)Vz + xVb (cu. ft.) 


But, the specific volume of the liquid is ordinarily very small as compared 
with that of the dry saturated vapor. Hence, except for very wet vapor 
(x very small), only a negligible error is introduced by disregarding the 
term of For. (246) which expresses the volume of the liquid. When this 
term is disregarded, For. (245) results. 

ExampLE.—What is the specific volume of steam of 80 per cent. 
quality at 125 lb. per sq. in. abs.? SoxuTion.—From steam Table 394, 
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at 125 lb. per sq. in. abs., Vp = 3.583 cu. ft. per lb. Hence, by For. 
(245), the specific volume of the wet steam = Vw = xVp = 0.80 X 
3.583 = 2.866 cu. ft. per Ib. 

Nortr.—To Finp Tue Quauiry Or Wert Steam WHEN Its Speciric 
Voutumer AND Irs Pressurs Or TEMPERATURE ARE Known, the follow- 
ing formula—a transposed form of For. (245)—may be used 


(247) x == (decimal) 


Exampiy.—lIf 2 lb. of steam at 281° F. are contained in an engine 
cylinder whose volume is 12 cu. ft., what is the quality of the steam? 
SoLution.—The specific volume = Vw = 12 +2 =6 cu. ft. per lb. At 
281° F., by Table 394, the specific volume of dry saturated steam is 
8.51 cu. ft. per lb. Hence, the steam in the cylinder is wet. Then, by 
For. (247), the quality =x = Vw/Vp = 6 + 8.51 =0.705 or 70.5 
per cent. 


369. The “Internal Heat” or “Internal Energy’? Of A Vapor 
(see Sec. 107, for definition) can readily be computed. As 
explained in Sec. 103, nearly all of the heat of the liquid (h 
in the vapor tables) represents vibration heat and is therefore 
internal heat. Likewise, during vaporization, a great portion 
of the latent heat of vaporization is stored as internal energy 
(in Table 394 the latent heat is divided into internal and 
external heats). For any liquid, vapor, or mixture of liquid 
and vapor, the internal energy per pound (measured above 
that of the liquid at 32° F.) may be found from the tables by 
the formula: 


(248) I = H — 0.185,2PV (B.t.u. per Ib.) 


Wherein: I = the internal energy of the liquid or vapor, in 
British thermal units per pound. H = the heat content (Sec. 
365) of the liquid or vapor, in British thermal units per pound. 
P = the pressure of the vapor, or the pressure at which the 
liquid will boil at its temperature, in pounds per square inch 
absolute. V = the specific volume of the liquid or vapor, in 
cubic feet per pound. 

Derivation.—Formula (248) is the direct result of transposition and 


simplification of the formula which is used by the compilers of the vapor 
tables as the definition of heat content, namely: 


144PV 
D4 => 
(249) H=I+ 778 


ExampLty.—What is the internal energy of 1 lb. of dry saturated 
water vapor at 366° F.? Soturron.—By Table 394, for the given condi- 
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tion: H = 1,195.0 B.t.u. per lb.; P = 165 lb. per sq. in. abs.; V = 
2.753 cu. ft. per lb. Hence, by For. (248), the internal energy = 1 = 
H — 0.185,2PV = 1,195.0 — (0.185,2 X 165 X 2.753) = 1,110.8 B.t.u. 
per lb. 

Exampie.—What is the internal energy of 1 lb. of steam at 200 lb. 
per sq. in. abs. and superheated by 150° F.? Sonurron.—By Table 395, 
for the given conditions, H = 1,282.6 B.t.u. per lb., and V = 2.86 cu. ft. 
per lb. Hence, by For. (248), the internal energy = I = H — 0.185,2 
PV = 1,282.6 — (0.185,2 X 200 X 2.86) = 1,176.6 B.t.u. per lb. 

Exampi4.—What is the internal energy of 1 lb. of steam whose quality 
is 0.75 and whose temperature is 312° F.? Soturron.—By Table 394, 
aie loeet Nes aO om Daten Perel am —sOO0lor bavleper lb. | pe= 
5.47 cu. ft. per lb. P = 80 lb. per sq. in. abs. Hence, by For. (242): 
the total heat = Hw =h + xL = 282 + (0.75 X 900.3) = 957.2 B.t.u. 
per lb. Now by For. (245), the specific volume = Vw = xVp = 0.75 X 
5.47 = 4.10 cu. ft. per lb. Hence, by For. (248), the internal energy = 
I = H — 0.185,2 PV = 957.2 — (0.185,2 X 80 X 4.10) = 896.4 B.tu. 
per lb. 


370. Heat Energy Transfer May Be Expressed As The 
Product Of “Entropy” And “Absolute Temperature.”— 
Every kind of energy or work may, as is explained below, be 
expressed as the product of two factors. Now, early in the 
study of heat phenomena it became evident to the investigator 
Clausius that it would be desirable to similarly express heat 
energy as the product of two factors. One of the factors he 
decided should be absolute temperature. The other factor, 
which he proposed—and which when multiplied by average 
absolute temperature would give heat energy—he named 
entropy. It might quite as well have been christened with 
any other distinctive name. Entropy will now be explained. 


Exampie.—ZIllustrating How All Energy Change Is The Product Of 
Two Factors. In representing energy by the area of a graph, one of these 
factors is represented by vertical distances and the other by horizontal 
distances. Thus, for example (Fig. 337): 5 


(250) Mechanical Energy Change = (Distance Change) X (Average 
Force) 
That is (Fig. 337), if it requires a force of 20 lb. to pull a weight, W, 
along a horizontal surface and the weight is pulled a distance of 40 ft. 
then: the energy expenditure = 20 X 40 = 800 ft.-lb.; this 800 ft.-lb. of 
energy is represented by the area of ABCD shown in Fig. 337-I7. Also: 


(251) Mechanical Energy Change = (Volume Change) X (Average 
Pressure) 
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That is, if the expanding steam in the engine cylinder, C, of Fig. 338 
moves the engine piston, P, through a volume of 1.8 cu. ft. and the mean 
effective pressure from B to EF (as determined with a steam-engine 
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Fig. 337.—Showing how the product of two factors ‘‘force’’ and “‘distance’”’ equals 
“mechanical energy’’ and how they may be employed in representing mechanical energy 
as an area. 


indicator) is 10,282 lb. per sq. ft., then the mechanical energy expended 
by the steam (Sec. 99) will be: Hxternal work = pressure X change in 
volume = 10,282 X 1.8 = 18,507 ft.-lb. (The work done, if any, in 
pushing the exhaust steam out of right end of the cylinder, L, is here 
disregarded.) This energy expenditure—18,507 ft.-lb.—is represented 
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Fia. 338.—Showing how the product of two factors ‘‘pressure’’ and ‘‘volume” 
equals ‘‘mechanical energy” and how they may be employed in representing mechanical 
energy ag an area. 


by the shaded area ABED within the diagram of Fig. 338-JJ. This is 
similar to any steam-engine indicator diagram for 44 a revolution. Also, 
in similar manner, it can be demonstrated that: 


(252) Hydraulic Energy Change = (Weight of Water Change) x 
(Average Height) 
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And also: 
(253) Electrical Energy Change = (Quantity of Electricity Change) X 
Average Voltage) 

And, it can also be shown that for both of these forms of energy—Fors. 

(252) and (253) above—that the product of the two factors may be 

represented by an area. Now heat is also a form of energy and, likewise, 

any change in it is the product of two factors and may be represented by an 

area. As above stated, one of these factors is average absolute tem- 

perature; the other is called entropy. 

Thus: 

(254) Heat energy change = (Entropy change) X (Average Abs. Temp.) 
The following example (Fig. 339) illustrates the application of the 

above equation. Examprye.—lIn Fig. 339-I the 1 lb. of water, L, is at 
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Fie. 339.—Showing how the product of two factors ‘‘absolute temperature” and 
“entropy” equals ‘‘heat energy’’ and how they may be employed in representing heat 
energy as an area. 


212° F. (672° F. abs.). Now, heat is added until all of this water is 
vaporized into 1 lb. of steam V, at 212° F. (672° F. abs.) and atmospheric 
pressure. Compute, using entropy and absolute-temperature values, 
the heat energy which has been added as heat to the water, L, to thus 
vaporize it into steam, V, and also represent as an area on a graph this 
added heat energy. Sotution.—Now from Steam Table 394, hori- 
zontally opposite ‘212° F.,” it is found that the entropy of 1 lb. of the 
liquid—water—is 0.311,8; also it is found that the entropy of 1 lb. of the 
vapor, V (steam) at 212° F. is 1.756,5. The temperature does not change 
while a liquid is being vaporized (Sec. 322); hence: The average absolute 
temperature = 212 + 460 = 672° F. abs. Therefore, to produce this 
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vaporization: The heat energy transfer = (Entropy change) X (Av. abs. 
temp.) = (1.756,5 — 0.311,8) X 672 = 1.444,7 X 672 = 970.8 B.tu. 
This heat energy transfer is shown graphically in Fig. 339-JJ in which 
the shaded area ABCD is equivalent to the heat energy which was 
transferred. 

The discrepancy between this value “970.8” and that given in Steam 
Table 394 of “970.4” is due to the usual assumption which was made 
in this example, that absolute zero is at —460° F.; actually it is at 
—459.6° I. instead of as given in the example. 

This (Fig. 339) illustrates the simplest form of temperature-entropy 
problem—but the general principle which it discloses holds for all 
temperature-entropy problems. The example of Fig. 339 is simple 
because the temperature AB remains constant during the heat transfer. 
Except during changes of state (Fig. 339 for example) and during iso- 
thermal expansions, the temperature does change while heat energy is 
being transferred, as heat. When the temperature changes during 
heat transfer, the line on the corresponding temperature-entropy graph, 
which corresponds to the line AB Fig. 339, is not generally straight but 
becomes a curve. ‘This is further explained hereinafter. 


371. A Good General Definition of Entropy Change is 
heat-energy transfer to or from a substance, per degree of average 
absolute temperature. By ‘‘heat-energy transfer” is here 
meant energy which is transferred, as heat, from the substance 
to some external object, energy which is transferred, as heat, 
from some external source to the substance, or heat which is 
transferred within the substance itself due to friction of the 
substance. As is explained in the following note, entropy 
does not recognize heat energy which is due to external work. 
Also, the “average absolute temperature,’ as will be shown, 
must be determined in accordance with certain rules; it is 
the average of all of the absolute temperatures to which the 
substance has been subjected. It is not merely the mean of the 
initial and the final temperatures. 


Nore.—Entropy Is A Property Or Susstancrs Anp Doxrs Nor 
CHANGE WHEN InTERNAL ENnRGy Is Transrormep Into ExTerRNAL 
Worx.—If the substance at some definite condition is assumed as a 
starting point, it can be proved that, in passing to a second condition 
during a condition change, the entropy change will have a certain value, 
regardless of how the change was effected. This would not be true of 
the work done or heat added during the change. Since entropy change 
is dependent only on the initial and final conditions of the substance, it 
follows that entropy is a property of the substance. 
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Now, when internal energy is transformed into external mechanical 
work during a frictionless adiabatic (or isentropic, Sec. 385) condition 
change (no heat being interchanged between the substance and external 
objects, and no heat being generated by friction of the substance), there is 
no entropy change because there is no heat transfer. But, since internal 
energy is transformed into external work, the total heat (Sec. 108) of the 
substance must be reduced. Hence, entropy does not recognize heat 
energy which is due to external work. 


372. Entropy Is Imperceptible To The Senses; its effects 
cannot be measured with instruments. Entropy values can 
be determined only by computation. The values of all other 
thermal properties of substances, such for example as tem- 
perature and pressure, can be measured with instruments. 
For these reasons, the significance of entropy may be difficult 
to understand. But if an entropy value is thought of merely 
as a previously determined multiplier, factor, or coefficient, 
which varies with the thermal condition of a substance, then 
the entropy idea should give no trouble. It is really not 
necessary—but it is desirable—to understand what entropy 
is, in order to use entropy values. In practice, values for 
entropy changes are usually taken from vapor-property 
tables (which practically always give entropy values for 1 lb. 
of the substance) ; for examples see Tables 394 and 395. 


Notn.—Any SusstanceE Wuicn Contains Herat Witt Have 
Entropy.—However, it is a fact that the entropy idea is employed most 
frequently in connection with discussions of the thermal performance of 
gases and vapors—for which reason the treatment of entropy for the 
present book is included in this division. Another reason for the intro- 
duction of this treatment here is that it is desirable to understand 

'“entropy”’ before using the entropy values which are given in the follow- 


ing tables of vapor properties. 


373. The Principal Uses Of Entropy are: (1) It renders 
possible the representation as an area on a graph, the heat 
energy which is transferred, as heat, to or from a substance. The 
diagrams (see Fig. 339-III and following similar illustrations) 
which represent heat as an area are called temperature-entropy 
diagrams. These diagrams are useful in picturing the heat- 
energy transfers and cycles (see Div. 12) which occur in an 
engine or during any desired vapor or gas process; they provide 
a graphic presentation of the ideas which are involved and 

22 
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relieve the mind of the necessity of holding, or of endeavoring 
to follow, a multitude of simultaneous conceptions. Tem- 
perature-entropy diagrams are ordinarily of little or no use 
to the practical operating engineer. (2) It renders possible 
the plotting of heat-entropy charts (Fig. 343) and temperature- 
entropy charts. From these charts the values of the various 
properties of the vapor, as the values change during friction- 
less adiabatic (isentropic) expansions, (Sec. 385) may be 
read directly. These changes in properties could not be plot- 
ted in this way on the charts without employing entropy— 
and they could not be determined except from the charts or by 
employing entropy without many complicated calculations. 
374. The Absolute Entropy Of A Substance at any condition 
would be the total heat energy transferred to it, as heat, per 
degree of average absolute temperature to bring it to that con- 
dition. This “degree of average absolute temperature”’ 
would be the average of all of the absolute temperatures which 
the substance experienced from the condition of zero heat 
content up to the temperature of the stated condition. But it 
is impossible to determine the absolute entropy of a substance 
—in fact, it is always infinite—because nothing definite is 
known concerning the total heat contents of substances, or 
of their specific heats at very low temperatures. However, 
this does not affect the usefulness of entropy. In practice 
it is, as will be shown, changes in entropy at the temperature of 
practice that are always of interest, rather than absolute 
entropy. Only changes of entropy enter into heat transfers. 


Notr.—Tue Zero Or Entropy, In Dnating Wits Vapors, is 
arbitrarily taken as the absolute entropy—whatever it may be— 
of the liquid substance at 32° F. That is, the change that the entropy 
of a vaporous substance undergoes during any process wherein its condi- 
tion is changed from the liquid state at 32° F., is said to be its entropy at 
the end of the process (at its final condition). The liquid state at 32° F., 
since it has been taken as the starting point or arbitrary zero of heat con- 
tent (Sec. 108), is also for this reason a very convenient starting point 
for the measurement of entropy. Understand that this 32° F. is, for 
entropy, also an arbitrary or selected starting point. 


Notr.—‘Assotute Enrrory’” SuHoutp Not Br Conrusgep WITH 
‘Toran Entropy.’’—Total entropy (symbol np or ng), as given in the 
vapor-property tables, is generally understood to mean the sum of the 


Src. 375] STEAM AND OTHER VAPORS 339 


entropy per pound of the liquid, nz; the entropy per pound of vaporization, 
ny; and the entropy per pound of superheat, ns if any —all measured 
from the arbitrary zero asstated above. Two or all three of these entropy 
values are usually given in tables of vapor properties; see Table 394 for 
example. 


375. The “Change In Entropy” Of A Substance, between two 
thermal conditions, is the heat energy transferred to the substance, 
as heat, per degree of average absolute temperature between the 
two conditions. Or, in other words: The change in entropy 
between two thermal conditions is a value such than when it is 
multiplied by the proper average of all of the absolute tempera- 
tures which the substance experienced during the heat transfer 
between the two conditions, it will give as a product the total 
heat energy added to or abstracted from the substance—as 
heat—during the transfer. See also the notes and explana- 
tions below. 

376. The General Formulas For Entropy Change during a 
heat transfer (their derivation follows from the definitions 
given in Sec. 375) are: 


(255) Q= = (B.t.u. per Ib.) 
A 

or 

(256) n = 2 (B.t.u. per lb. per avg. abs. ° F.) 
A 

and 

(257) T.= e (average abs. ° F.) 


Wherein: Q = heat-energy change, as heat, per pound of the 
substance during the heat transfer. T,4 = average absolute 
temperature, during the heat transfer; that is; the average of 
all of the absolute temperatures to which the substance has 
been subjected during the transfer. n = change in entropy 
during the heat transfer. Note that Q may be expressed in 
any heat-energy unit and that T, may be expressed in any 
absolute-temperature unit, then the entropy change, n, will 
be in terms of the quotient of these two units. But when Q 
is in British thermal units per pound and Ty, is in average 
absolute degrees Fahrenheit, then n will be in British thermal 
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units per pound per average absolute Fahrenheit degree, as 
indicated after each of the above equations. 


Nots.—Entropy Recoanizes OnLy Eneray Wuicu Is AppED OR 
AxBSTRACTED As Hrat—because of the definition of entropy. It does not 
recognize energy which is added to a substance by mechanical work being 
done on the substance, in spite of the fact that such energy may ulti- 
mately be converted to heat within the substance. Nor does entropy 
recognize energy which is lost from a substance by virtue of the doing of 
mechanical work by the substance. Thus, during the frictionless adia- 
batic isentropic, Sec. 385, expansion or compression (Sec. 388) of a vapor 
or a gas there is no change of entropy of the vapor or gas. If mechanical 
work is done in compressing a gas, adiabatically and without friction, 
the temperature of the gas will be increased thereby but the entropy of 
the vapor or gas will not be changed during the process, because no heat 
energy is added as heat. Similarly, when a vapor or gas expands adia- 
batically and without friction it will do mechanical work but there will be 
no change in entropy because in the process no energy has been lost as 
heat. (It is apparent then that entropy recognizes only vibration heat, 
Sec. 97, and disgregation heat, Sec. 98; it does not recognize external- 
work heat.) 


377. How The Value Of The Change In Entropy For A Heat 
Transfer May Be Determined will now be explained in con- 
nection with Fig. 340. Entropy-change values seldom, if 
ever, have to be thus computed in practice because they are 
given in the vapor tables. The following approximate method 
is presented only to insure that the reader may have a better 
conception of the entropy idea. It is not given as a method 
to be followed in practice. 


EXPLANATION.—For simplicity consider 1 lb. of a substance which is 
assumed to have a specific heat of ‘‘1.’’ Assume that it is heated from 
32° F. (492° F. abs.) to 352° F. (812° F. abs.). Assume that thestate of the 
substance does not change. It will be shown (Fig. 340) how the entropy 
of this substance increases as the heat energy is added to it, as heat, in 
10 B.t.u. increments. The first 10 B.t.u. of heat which is added will, 
since the specific heat is ‘‘1” raise its temperature by 10° or from 492° F. 
to 502° F. abs. as indicated at D, Fig. 340. Now, by For. (256): n = 
Q/T4. The heat energy added, Q, is 10 B.t.u. During this addition, 
the average absolute temperature may, since the increase in temperature 
for each increment is small, be taken as 4 (initial temperature + final 
temperature), for each increment. Hence: Ty = (492 + 502) +2 = 
497° F. abs. Therefore, n = 10 + 497 = 0.020,1 B.t.u. per lb. per avg. 
° F. abs. Now the distance AC is made to scale equal to 0.020,1. The 
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area, 1, (Fig. 340) will then be equivalent to the 10 B.t.u. of heat which 
was added—because: 0.020,1 * 497 = 10 B.t.u. 

Similarly, the next heat-energy addition of 10 B.t.u., which will raise 
the temperature of the substance from 502 to 512° F. abs., will be repre- 
sented in Fig. 340 by the area 2. Thus: n = Q/T, = 10 + [(502. + 
512.) + 2] = 10 + 507 = 0.019,7 B.t.u. per lb. per avg. ° F. abs. 'There- 
fore, area 2 is layed out 0.019,7 entropy units wide. 

In like manner, the change in entropy due to each successive 10- 
B.t.u. heat-energy increment can be found and plotted on the graph. 
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Fic. 340.—Iilustrating the method of computing entropy. 
Now note that while the areas of each of the strips 1, 2,3 . . . 31,32 


are equal, and that each is equivalent to a heat addition of 10 B.t.u., the 
widths of the strips decrease toward the right. It is obvious that this 
decrease is necessary because, since the heights (temperatures) of the 
strips increase as heat is added, the widths of the strips must decrease 
if their areas are to be all equal. The total entropy change for this 
total heat addition of 10 X 32 = 320 B.t.u. is 0.5 B.t.u. per avg-° F. 
abs., as shown by the distance AB. 

It should be understood that the method above described is an approxi- 
mate one. Its degree of accuracy is determined by the smallness of the 
heat merements—the smaller the increments the more accurate the 
result. By applying the calculus the heat increments may be made 
infinitely small, whereby the entropy change can be determined with 
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absolute accuracy. The small error which results from the application of 
the method of Fig. 340 is due to the assumption that the short line con- 
necting any two temperature increment points on the curve DE, is a 
straight line—whereas actually it is a curve. 

Nore.—Cuanecr In Entropy For Caance Or Strats is exactly equal 
to the heat transfer divided by the absolute temperature at which the 
change of state occurs. This follows since the temperature always 
remains constant (Sec. 96) during a change of state, under which condi- 
tion the “average temperature”? must equal the constant temperature 
which obtains during the change. That is, for a change of state: 


(258) n= Q (B.t.u. per lb. per °F. abs.) 
Ab 


378. Temperature-entropy Diagrams Show Heat Energy 
As An Area.—In the temperature-entropy diagram for steam 
shown in Fig. 341, all of the heat-energy transfers required 
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Fia. 341.—Temperature-entropy diagram showing the heat energy which must be 
added to change 1 Ib. of ice into 1 lb. of superheated steam, comprising: (1) Heating the 
solid. (2) Melting the solid. (3) Heating the liquid. (4) Vaporizing the liquid. (5) 
Heating the vapor, called ‘‘superheating.” 


to change 1 lb. of ice from near absolute zero (—460° F.) into 
steam at a constant pressure of 300 lb. per sq. in. abs. and then 
into superheated steam at 1,278° F. abs. are shown. The 
plotted values are taken from Steam Tables 394 and 395. 


EXPLANATION.—At absolute zero the ice would contain no heat. 
If heat is transferred to the ice its temperature increases, the relation 
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being shown by the path OA. The area, 1, under this path, OA, repre- 
sents the amount of heat-energy transfer required to heat the solid ice to 
the temperature at A. When A is reached, which is at 32° F. (492° F. 
abs.) any further addition of heat does not increase the temperature of 
the ice but causes it to melt—to change state. This melting continues 
until all of the ice is melted and the point, B, is reached. ‘The area, 2, 
under AB, represents the amount of heat transfer required to melt the ice. 

The addition of more heat causes the temperature of the substance— 
now water—to rise again at such a rate that the area under any portion 
of BC, as B’BTT’, represents the heat energy added during the change 
in temperature from 32° F, to the temperature T. The area, 3, under BC 
represents the heat-energy addition which was necessary to raise the 
temperature of the water from 32° F. to 418° F., or 878° F. abs.—which 
temperature is that of steam at a pressure of 300 lb. per sq. in. abs. This 
area 3, therefore, represents the heat of the liquid for steam at the pres- 
sure 300 lb. per sq. in. abs. After the temperature C is reached, which is 
the boiling temperature of the water for the 300 lb. per sq. In. pressure 
exerted upon it, any further addition of heat does not increase the 
temperature but again changes the state; it vaporizes the water into 
steam. Point D is reached when all of the water has vaporized. The 
area, 4, under CD represents the heat-energy addition necessary to 
vaporize the water—latent heat of vaporization. Now, as more heat is 
added to the steam (which is under constant pressure), its temperature 
increases following the curve, DE. The area, 5, under DE, represents 
the heat-energy addition required to superheat the steam at a pressure 
of 300 lb. per sq. in. to the temperature E which is 1,278° F. abs. If more 
heat energy is added to the steam, the curve DE will continue to rise until 
the steam begins to dissociate into its component elements, hydrogen 
and oxygen. 


379. In Engineering, Only A Portion Of The Complete 
Temperature-entropy Diagram Is Used, as shown in Fig. 
342. Since in engineering we are not concerned with vapors 
in the solid state only a part of the complete temperature- 
entropy diagram, which is shown in Fig. 341, is necessary 
to represent the heat transfers of vapor practice. The part 
which is most frequently used is that to the right of BB’ in 
Fig. 341 or that shown in Fig. 342, that is only that part which 
concerns temperatures above the melting point. 


ExpbLaNATION.—In both illustrations, (Figs. 341 and 342) the 
same path is shown: BCDE. The area BCDEE'B’ under this path 
represents the total heat energy required to change water at 32° F. to 
highly superheated steam (under a constant pressure of 300 lb. per 
sq. in. in abs.). This area represents the total heat as given in Steam 
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Table 395. The line BHJL (Fig. 342) represents the temperature- 
entropy path under a different pressure, 50 lb. per sq. in. abs. When 
more than one heating process is represented on the temperature-entropy 
plane, the resulting figure is called a chart. Such paths as BHJL and 
BCDE are called constant-pres- 
sure lines. The chart shows 
that, for different pressures, the 
heat of the liquid, the latent heat 
of vaporization, and the heat 
required to superheat, all are 
different. 

Nort.—THE Curvep Line 
DM _ Is Cautep THE “Dry 
Steam Linn” (Fig. 342). It 
connects all points in the 
various constant-pressure lines 
which represent dry steam at 
the various temperatures (pres- 
sures). The water line, BC, 
and DM would intersect at the 


Ahi aay DE : 
critical mperature, if the 
02 04 06 08 10 12 14 16 18 20 po : y 
Entropy- Btu. Per Av. Abs.F. Degree were extended upward. It 


should be remembered that 
this line DM is used for 
convenience to connect dry- 
saturated-vapor points; strictly, it is not a part of the temperature- 
entropy diagram and does not represent a physical process. 

Notrs.—Tue Line CD Is Not Onty A ‘Constant TEMPERATURE 
Line” But Is Atso A “Constant PREssuRE Linn” (Fig. 342). To the 
right of the point D the constant pressure line is not horizontal but is a 
rising curve, since at D the steam starts to become superheated. 


Fia. 342.—Temperature-entropy chart for 
1 Ib. of steam. ° 


380. The Values For The Entropy Of Vapors At Different 
Conditions Are Given In The Vapor Tables (Table 394) 
with the other vapor properties. Besides the total entropy there 
is also usually given the entropy of the liquid and the entropy of 
vaporization. The entropy of the liquid is graphically repre- 
sented by the distance nz, (Fig. 342) and the entropy of 
vaporization by the distance ny, for the given pressure. The 
total entropy for dry saturated steam is represented by the sum 
of the two or by the distance nr. The total entropy of super- 
heated vapors is given in the tables of superheated vapors 
(Table 395) and is represented by mrs in Fig. 342. The 
entropy of superheat (ns, Fig. 342) fora given degree of 
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superheat can be obtained by subtracting the entropy of dry 
saturated vapor, which is at the same pressure as the super- 
heated vapor, from that of the superheated vapor. 

381. The Total Entropy For A Wet Vapor Cannot Be 
Obtained Directly From The Vapor Tables.—It can, however, 
be calculated when the quality of the steam is known by the 
following formula: 


(259) Ny =n,+xny  (B.t.u. per lb. per avg. abs. ° F.) 


Wherein: ny = total entropy for 1 lb. of wet vapor. ny, = 
entropy for 1 lb. of liquid at the same pressure, as taken from 
the vapor-property table. ny = entropy of vaporization for 
1 lb. of vapor at the same pressure, as taken from the vapor 
property table. x = quality of the vapor expressed decimally. 
The application of this formula is illustrated in following 
Probs. 4 and 5, see appendix for solutions. 


DeErRIVATION.—In any temperature-entropy diagram showing the 
vaporization of a liquid: Entropy change of vaporization = (Latent heat of 
vaporization) + (Absolute temperature). Thus in Fig. 342, ny = (Latent 
heat of vaporization of the dry steam) + (Absolute temperature). When the 
vapor is wet all of the latent heat of dry steam is not used but the tem- 
perature remains the same as that of dry steam. Hence, when the vapor 
is wet, the entropy change of vaporization will be less than that for dry 
steam and D will (Fig. 342) move to some point X. Consequently, 
for wet steam: The Entropy change, CX = (Latent heat of vaporization 
of wet steam) + (Absolute temperature). Since, as stated above and as is 
evident from Fig. 342, the “Absolute temperature” is the same for both 
of the two above equations, it is evident that: 


CX _ Latent heat of the wet steam 
ny Latent heat of the dry steam 


(260) 


Now (see Sec. 366) if x represents the quality expressed decimally, then: 
Latent heat of the wet steam 


261) Latent heat of the dry steam ah 


Hence, substituting in For. (260) the equivalent from For. (261) 
there results: 


(262) es. x; or, CX = xny 
ny 
Now, as is evident from Fig. 342, the total entropy change of the wet 
vapor, which will be here designated by nw, equals the sum of ng + 


OXe That is: 
(263) r Ny =n, + CX 
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Now, substituting in For. (263) the equivalent for CX from For. 
(262), there results: 
(264) Qw = nz + xny 

Which is the same as For. (259). 

Note.—THE Quauiry Can Br DETERMINED, Ir nz AND nz ARE 
Known.—For, by transposing For. (259), we obtain: 


(265) = = (decimal.) 


This is the relation which is useful in determining the quality of a vapor 
after a frictionless adiabatic (isentropic) expansion. In a frictionless 
adiabatic expansion nw is known and nz can be found from the vapor 
tables. The quality can also be obtained directly from the chart of 
Fig. 343. The application of this formula is illustrated in following 
Prob. 5; see appendix for solution. 


382. The “Temperature-entropy” And The ‘‘Mollier” 
Or “Heat-entropy” Charts Are Graphs Which Show The 
Principal Properties Of A Vapor; see Fig. 348. Thus, the , 
properties of a vapor can be represented on a graph for which 
entropy and temperature, or entropy and some other prop- 
erties are employed as coordinates. These charts are 
especially useful in frictionless-adiabatic-expansion calcula- 
tions, ‘The employment of entropy in plotting these charts 
is, as explained in preceding Sec. 373, its most important 
practical application. The temperature-entropy chart is 
merely a combination of many temperature-entropy diagrams 
as shown in Fig. 341. The Mollier diagram or heat chart 
(Fig. 343) uses entropy and total heat content as coordinates 
and, since in practical computations the total heat-content 
is generally desired, this is the most frequently used and the 
more convenient chart. From it the heat content, in British 
thermal units, can be read off directly. The heat-entropy 
chart resembles the temperature-entropy chart; it has the 
same lines only they have a different slope. It is, as is 
explained below, plotted in a manner similar to that employed 
for the temperature-entropy chart. In steam practice only 
the upper right-hand portion of a diagram such as that of 
Fig. 344 is needed in calculations; therefore, this is the only 
portion reproduced in the practical charts. 


Exp Lanation.—A Heat-rentropy Or Mo.uirer CHart May Bs 
Constructep In Tur Fottowina Manner.—For this chart (Fig. 343), 
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total heat and entropy are the two coordinates uscd and they should be 
plotted at right angles. Fig. 344 illustrates the process. The plotted 
values are from Steam Table 394. When the heat content is zero, the 
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Fic. 343.—Total heat-entropy chart for steam. 


entropy is zero. The usual practice of assuming an arbitrary zero, or 
datum for heat content and entropy, at 32° F. (Sec. 374) is here fol- 
lowed. Thus, the state of zero entropy and zero heat content starts at 
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O (Fig. 344), with water at 32° F. As heat is applied the entropy 
increases, the state point moves along the liquid or water line OA which 
is similar to that of the temperature-entropy diagram, BC Fig. 342. 
This line, OA, is obtained by plotting the heat-of-the-liquid values against 
the corresponding entropy-of-the-liquid values, as obtained from Steam 
Table 394 for various pressures. When evaporation begins as at A, the 
entropy increases in direct proportion to the heat added, so the evapora- 
tion line AB is straight. The point B is obtained by plotting the value 
of the total heat of dry saturated steam at 300 lb. per sq. in. abs. against 
the value of the corresponding entropy; both values are from Steam 
Table 394. During superheating, the entropy increases from B to C but 
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Fie. 344.—Showing how a heat-entropy or Mollier chart for steam is constructed. 


not in direct proportion to the heat added, so the line BC, has a slight 
curvature. The line BC is obtained by plotting the values of the total 
heat of superheated steam against the corresponding entropy values for 
various degrees of superheat, but all at 300 lb. per sq. in. abs. pressure. 
These values are all obtained from Steam Table 395. The path followed 
OABC is the line of constant pressure. 

Other constant pressure lines may be similarly drawn, such as ODEF 
and OGHJ. The points B, E, and H, which represent dry saturated 
steam on the various constant-pressure lines, are then connected by the 
line BH. This line is the 100 per cent. quality line or saturation line. 
It is the dividing line between the wet-steam region, the area below it, 
and the superheated-steam region, the area above. 

The point, K, is chosen on the line AB so that the distance AK, divided 
by the distance AB equals 0,90; similarly, points are located on the other 


Src. 383] STEAM AND OTHER VAPORS 349 


constant-pressure lines. These points are then connected by the line 
KL, which is the 90 per cent. constant-quality line. Other constant 
quality lines may be drawn, such as MN. 

Lines connecting points all of which have the same degree of super- 
heat but which are located on the different constant-pressure lines are 
called lines of constant superheat. Such a line for 100° superheat is shown 
at PQ. 

Horizontal lines on Fig. 344 represent constant heat content, and 
vertical lines constant entropy. _Frictionless adiabatic (isentropic) 
_ processes are represented by the latter (see.Sec. 385). The upper right- 
“hand portion of Fig. 344, which is shown cut out by the dotted lines, is all 
that is reproduced in a practical heat-entropy chart (Fig. 343) peewune 
the remaining portion of Fig. 344 would never be used. Lines of constant 
volume may be, but seldom are, plotted on the same chart with the 
properties of Fig. 344 because too many lines on one chart make it difficult 
to read. 


383. There Are An Infinite Number Of Ways In Which A 


Vapor Can Expand Or Be Compressed just as there are an 
infinite number of wavs in which a gas can expand or be com- 
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Via. 345.—Showing characteristic temperature-entropy graphs for adiabatic (isentropic). 
isothermal, constant-pressure, and constant-volume processes. 


pressed (Div. 8). Of this infinite number, only three ideal 
ways (Fig. 345), a knowledge of which is useful because close 
approximations of them occur in practical heat phenomena, 
will be treated here. 


Nors.—In A Sense It May Br ConsiDERED THaT THERE ARE ONLY 
Two FUNDAMENTAL Ways IN Wuicu A Vapor Or Gas Can EXpanp. 
(1) Isothermal or at constant temperature, Fig. 345-IJ. (2) Isentropic, 
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Sec. 385 or at constant entropy, Fig. 345-I. All other expansions lie 
somewhere between these two as limits and all others, may in a sense be 
considered as the simultaneous occurrence of these two in various com- 
binations. The slope of any expansion line, as FG (Fig. 345), is deter- 
mined by the specific heat of the substance under the given conditions. 


384. The Expansions Of Vapors, Close Approximations 
Of Which Ordinarily Occur In Practice are: (1) Frictionless 
adiabatic (isentropic) expansion. (2) Constant-pressure expan- 
sion. (3) Constant-heat-content expansion or throttling. ‘These 
are ideal ways of expansion for various processes and while 
they are in these certain processes generally closely approxi- 
mated in practice, they are never actually obtained. The 
characteristics of these ideal expansions are given in the follow- 
ing sections. 


Norse.—Tue Linn Or Constant VotumE, sometimes called the con- 
stant-volume expansion line JK, Fig. 345-IV, does not really represent 
an expansion since no change in volume takes place. However the area 
IJKL does represent the heat-energy transfer necessary to raise the tem- 
perature of the vapor from J to K at constant volume. This line, JK, 
is the dividing line between compressions and expansions. Any line 
drawn through a point, as J, so that if falls (no matter what its direction) 
to the lower right of the constant volume line JK represents some 
expansion process. Likewise 
.---Volume Scale any line through J falling to 

; ' the upper left of JK represents 
Insulating Material, . 
ees ; some compression process. Any 
ERE ERS REE number of both such lines are 
possible for various expansion 
and compression processes. 


385. An Isentropic Or 

Frictionless Adiabatic 
Expansion Of A j 

Fic. 346.—Representing an adiabatic isen- P Vapor oF 


tropic expansion of water vapor—steam. (The that expansion in which 


expansion is rapid. Work is done by piston P. (Fig. 346) the entropy of 
The insulating material prevents transfer of d 4 

heat, as heat, during the expansion. An indi- the vapor remalns con- 
cator, I, gives a deflection proportional to the gtant: it is a constant- 
pressure. ) 


entropy expansion. On a 
temperature-entropy diagram (or on a heat-entropy dia- 
gram), it is represented by a vertical straight line (MN, 
Fig. 845). During this expansion the vapor does mechanical 
work but receives or gives off no heat energy, as heat, from or 
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to external sources or due to internal friction during the expan- 
sion. This expansion corresponds to the frictionless adiabatic 
expansion of a perfect gas as defined in Sec. 272. Anisentropic 
expansion is often called simply ‘‘an adiabatic” expansion, but, 
strictly speaking, this term is not correct. T he term “‘adia- 
batic’’? may mean a whole family of changes in which no heat 
transfer to or from external objects takes place; the isentropic 
expansion is but one of these. The isentropic expansion 1s 
generally assumed as the ideal for vapor engines (Div. 12) 
because, as shown below, it is s the expansion during which the 
— greatest possible amount of the f heat energy in a substance ata 
given temperature is converted into external work. Isentro- 
pie expansions are approached in the steam-engine cylinder 
and in the steam-turbine nozzles. 


ExpLANATION.—That the maximum heat energy will be converted into 
mechanical work by an isentropic adiabatic expansion will be evident 
by referring to Fig. 347. The line AB represents, to scale, the isentro- 


pic expansion of 1 cu. ft. of dry 


bs: 
= 
(Si) 


saturated steam at 308° F. until its 
temperature falls to 162° F. By Sec. 
262, (Division 8) the shaded area 
under AB represents the work done 
by the steam during its expansion. 
Suppose that another expansion, dur- 
ing which heat is abstracted from the 4 
steam, is represented by another line gre sa 3. Bee =o 9 10 
AC. Then AC must fall to the left 
of AB because, at any pressure during Fie, 347—Pressure-volume graphs 
3 é showing that an isentropic expansion 
the expansion the quality of the steam, extracts (as external work) more heat 
and hence the volume, will be less than any other expansion during which 
than during the isentropic expansion 0 heat is added to the substance. 
—because of the extracted heat The graphs are drawn for steam ex- 
* panding to 162° F. from the dry 
Hence the area under any such e€x- saturated condition at 308° F. 
pansion graph (shaded dark) will be 
less than that under AB—less work will be done than by the isentropic 
expansion. The only way that the expansion graph could be made to 
fall to the right of AB would be by adding heat during the expansion 
process. As will be explained (Div. 12), this would be a less efficient 
process.’ Therefore, the isentropic expansion is often taken as an 
“ideal”? in heat-engine calculations. 
Nors.—Tue Conpition Caances Wuicn Accompany ISENTROPIC 
Expansions Or Vapors may be read from their temperature-entropy 
diagrams which show that constant-entropy or isentropic expansion of 
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dry vapor causes wetness; of superheated vapor, causes loss of superheat; 
and of very wet vapor causes drying. Thus, from Fig. 342, it is evident 
that the isentropic expansion of dry saturated water vapor (steam) from 
any pressure, as for example downward along DD’, will result in wet 
steam (Sec. 355). This is because any point below the saturation line, 
DM, lies in an area which represents wet steam. It is also similarly 
evident that the isentropic expansion of superheated steam at any 
pressure and degree of superheat, such as represented by a path downward 
along EE’, results in a loss of superheat and if the expansion is continued, 
wet steam will likewise result. For wet steam with a quality less than 
about 50 per cent., the quality lines (Sec. 382) slope in the same general 
direction as the water line, BC. Hence, if an isentropic expansion starts 
with very wet steam (a quality of less than about 50 per cent.) drier 
steam will result. That is, following downward along the line CC’ 
(Fig. 342), the quality of the steam increases. Lther is an exception to 
the first two of the above statements in that the isentropic expansion 
of its dry vapor causes superheat and the isentropic expansion of its 
superheated vapor causes greater superheat. 

Nore.—To Drrerminr From THe Heat-EnTrRopHy Cuart, Fic. 
343, THe Quatity Or Steam Arrer IspnrRopic EXPANSION, proceed 
thus. Suppose it is desired to find the quality of superheated steam after 
isentropic expansion from a pressure of 200 Ib. per sq. in. abs. and at 200° 
F. superheat to a pressure of 1.5 lb. per sq. in. abs. Start at the inter- 
section of the 200 lb. per sq. in. abs. constant pressure and 200° F. 
superheat lines. Then follow vertically down the constant-entropy line 
until the 1.5 lb. per sq. in. abs. constant-pressure line is reached. The 
point thus located is between the 84 and 85 per cent. constant quality 
lines. The distance between the point and the 84 per cent. constant 
quality line is about % of the total distance between the 84 and 85 per 
cent. constant-quality lines. Thus the quality = 8426 or 84.4 per cent. 


386. Constant-pressure Expansion (Fig. 345-JII), as the 
name implies, is expansion against a constant pressure. This 
is the expansion that takes place in a boiler when water is 
vaporized. It also takes place in a superheater where vapor 
is heated at constant pressure. It occurs in the cooling coil 
of a refrigerating plant. But the cooling coil in a refrigerating 
plant is analogous to the boiler and superheater in a steam 
plant, since in it the liquid absorbs heat from the room or body 
which is to be cooled. 


387. Constant-heat Expansion (Fig. 348) sometimes called 
“wire-drawing” or “throttling,” as the name implies, means 
expansion during which the heat-content of the vapor does 
not change. It occurs when a vapor expands from a high- 
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pressure through a small crack or orifice to a lower pressure 
so that the only mechanical work done is that expended in 
overcoming friction. But this friction work merely heats the 
orifice and surroundings so the heat thereof is reabsorbed by 
the vapor. Thus the heat 

content per poun d of vapor eRe pattie Gage é, 


ig 7 High .-- LOW 
is the same after expansion as» { Temperature Temperature 
before expansion. R Ge EE en 
f gs A El ete 
Exampies.—This constant-heat £& Ata 
expansion occurs in the throttling = § 


calorimeter (Sec. 392). It takes 
place also to some extent in under- 
sized pipes and partly opened : 
valves. It cannot be used ad- Ee: 
vantageously in engines since in it Vis ee 
no heat is converted into work. It Heat Energy--” 
is employed in refrigeration (Sec. Fia, 348.—Constant-heat or Joule- 
632) where the pressure on the Thompson expansion, also called wire 
refrigerant is lowered by permit- drawing and throttling. (The steam passes 


‘ : aye eis : from the high-pressure, Gi, and tempera- 
frigerant liquid which bs ih P 
ting the refrigerant hq ture, J1, conditions in, A, to the low- 


is under high DEseate to expand pressure, Gz, and temperature, T2, condi- 
through an orifice into a Space tions in B, without loss of heat content. 


where the pressure is much lower. 
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388. Compression Of Vapors Occurs Ordinarily In One Of 
Three Ways or in some combination of them: (1) Isentropic or 
constant-entropy compression. (2) Isodynamic or constant- 
internal energy compression. (3) Constant-pressure compression. 
As with the expansion of vapors (Sec. 383) there are an infinite 
number of ways of compression. Isentropic compression is the 
reverse of isentropic expansion. In it, the largest possible 
amount of mechanical work is changed into heat energy but 
no heat is added to or abstracted from the vaporasheat. Thus 
the internal energy of the vapor is increased. Since in vapor 
compression it is not desired to change a maximum of mechani- 


-cal_work into heat, but instead to change a minimum of 
mechanical work into heat, adiabatic compression instead of . 
being an ideal compression is the least desired of all compres- 
sions. Isodynamic compression is that compression during 
which the internal energy in the vapor remains constant. This 


may (theoretically but not practically) be obtained by absorb- 
23 
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ing heat from the vapor with cooling water at the same rate 
as the mechanical work is done. It is the ideal compression 
for refrigerants as the mechanical work done during it ip the 
compression from one state to another is less than that done 
during any other compression. Constant-pressure compression 
is the reverse of constant-pressure expansion; it is compression 
or contraction which occurs at constant pressure. This 
compression takes place in a condenser when a vapor is 
condensed. 

389. The Energy Relations During An Isentropic Process 
may be found from the following formulas which are derived 
as shown below. The pressure-volume relations may be 
computed from values found on the constant-entropy line 
on the total heat-entropy chart (Fig. 343). The energy 
relations are: 


(266) Q =0 (heat added) 
Ger imOK= Int (B.t.u. per Ib.) 
(268) We = 778 (Ii — I.) (ft.-lb. per lb. of vapor) 


(ft.-lb. per lb. of vapor) 


Wherein: Q =the heat added during the process. Wz 
= the external work done by the vapor during the process, 
in foot-pounds per pound of vapor. Q; = the change in 
internal energy during the process, in British thermal units 
per pound of vapor. I, and I, = respectively, the internal 
energy of the vapor at the beginning and end of the process, 
in British thermal units per pound. Hand He = respectively 
the heat contents of the vapor at the beginning and end of the 
process, in British thermal units per pound. P; and P2 = 
respectively, the pressures of the vapor at the beginning and 
end of the process, in pounds per square inch absolute. 
V, and V2 = respectively, the specific volumes of the vapor 
at the beginning and end of the process, in cubic feet per pound. 


DERIVATION.—Since, by definition, no heat is added to or abstracted 
from the substance during an isentropic process, For. (266), which 
expresses this fact mathematically, must hold. Now, by For. (58), for 
any condition change 
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(270) Q=90:4+ Qz (B.t.u.) 
Hence, by combining Fors. (266) and (270), there results 

(271) 0=Q;,+Qz (B.t.u.) 
or, by transposing 

(272) Qz = —-Qr (B.t.u.) 


Now, it is evident that For. (267) expresses the value of Q;. Hence, by 
combining Fors. (267) and (272), there results: 


But, by For. (46), Wz = 778 Qz. Hence: 
(274) We = 778 (I; — Iz) (ft.-Ib.) 


Now, For. (249) gives the expressions for I, and I, which, when substi- 
tuted in For. (274), give For. (269). 

Exampite.—How much work is done by 1 lb. of steam in a steam- 
engine cylinder during its expansion from 150 lb. per sq. in. gage (dry 
saturated) to 29.3 lb. per sq. in. gage? Assume that the expansion 
is isentropic. So.turion.—From Table 394, for 150 lb. per sq. in. gage: 
Hp = 1,195.0 B.t.u. per Ib.; np = 1.561,5; Vp = 2.753 cu. ft. per lb. 
Also, for 29.3 lb. per sq. in. gage: h = 242.0 B.t.u. per lb.; L= 929.2 
B.t.u. per lb.; nz = 0.400,2; ny = 1.268,1; Vp = 9.59 cu. ft. perlb. Now, 
since the entropy remains constant, the quality after expansion may 
be determined by For. (265), thus: x = (nw — nz)/ny = (1.561,5 — 
0.400,2) + 1.268,1 = 0.916. Hence, by For. (242), the total heat after 
expansion = Hw = h + xL = 242.0 + (0.916 + 929.2) = 1,093 B.t.u. 
per lb. Also by For. (245), the specific vulume after expansion = Vw = 
xVp = 0.916 X 9.59 = 8.78 cu. ft. per. lb. Now, by For. (269), the 
work done = Wre=778 (Hi — Hx) +144 (P2V2 — PiVi1) = 778 X 
(1,195 — 1,093) + {144 x [(44 X 8.78) — (164.7 X 2.753)]} = 793,500 — 
96,800 = 696,700 ft.-lb. 

Exampie.—How much work is done on 1 lb. of ammonia vapor of 
quality 0.80 and at 30 lb. per sq. in. abs. in compressing it isentropically 
to \% its volume? Sotution.—Values for the several properties are 
taken from Table 399. By For. (259), the entropy = nw = nr + XDy 
= —0.070,9 + (0.80 X 1.244,9) = 0.925,0. By For. (245), the specific 
volume before compression = Vw = xVp = 0.80 X 9.19 = 7.385 cu. ft. 
per lb. Hence, the specific volume after compression = V2 = V,1/4 = 
735 +4 = 1.838 cu. ft. per lb. By trial, using Fors. (247) and (259), 
it is found that a specific volume of 1.838 cu. ft. per lb. corresponds at 
at 80° F. to a quality of 0.949 and an entropy of 0.987,5; at 75° F. to a 
quality of 0.872 and an entropy of 0.921,0. Hence, the temperature 
after compression = 75 + 5 [(0.925,0 — 0.921,0) + (0.987,5 — 0.921,0)] 
= 75.3° F. Likewise, the quality after compression = 0.877 and the 
pressure after compression = 142 lb. per sq. in. abs. Hence, the total heat 
after compression, by For. (242), = Hw = h + xL = 48.3 + (0.877 X 
507.8) = 493 B.t.u. per lb. Likewise, the total heat before compression = 
Hy=h+xL = —33.7 + (0.80 X 572.2) = 414.1 B.t.u. perlb. There- 
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fore, by For. (269), the work done = Wz = 778 (Hi — Hz) + 144 
(P2V2 — PiVi1) = 778 X (414.1 — 493) + 144 [(142 x 1.838) — (80 X 
7.35)] = —61,380 + 5,832 = —55,548 ft.-lb. Hence, the work done on 
the vapor = 55,548 ft.-lb. 


390. The Energy Relations During A Constant-pressure 
Process are quite simple. Since total heats, Secs. 365 to 
367, represent heat additions at constant pressure they 
represent constant-pressure processes. Therefore, for con- 
stant-pressure processes the following formulas may be written: 


(275) QO. =, — H, (B.t.u. per Ib.) 
(276) Qa, =i-h (B.t.u. per lb.) 
(277) Wz = 144 P (V2 — Vi) (ft.-lb. per lb.) 


Wherein: Q = the heat added to the substance, in British | 
thermal units per pound. Q, = the change in internal energy 
during the process, in British thermal units per pound. Wz, = 
the external work done by each pound of vapor, in foot- 
pounds. H, and H: = the total heats, respectively, at the 
beginning and end of the process, in British thermal units 
per pound. I, and I, = respectively, the initial and final 
values of the internal energy of the vapor, in British thermal 
units per pound. P = the pressure of the vapor, in pounds per 
square inch absolute. V, and V~2 = the initial and final 
specific volumes of the vapor, respectively, in cubic feet per 
pound. 


ExamPLEe.—How much work is done by 1 lb. of steam as it evaporates 
in a boiler at 350° F. and is superheated to 500° F.? How much heat is 
added? Soxiurion.—From Table 393, the specific volume of water at 
350° F. is 0.018 cu. ft. per lb. From Table 395, by interpolating, the 
volume of 1 lb. of superheated steam at 134.6 lb. per sq. in. abs. and 150° 
F. superheat is 4.15 cw. ft. per lb. Hence, by For. (277), the external work 
= We = 144P(V2 — Vi) = 144 X 184.6 X (4.15 — 0.018) = 80,000 ft.- 
lb. Also, the total heat of the superheated steam is Hs = 1,272.2 B.t.u. 
per lb. and, the heat of the liquid at 350° F. is 321.4 B.t.u. per Ib. 
Hence, by For. (275), the heat added = H, — H, = 1,272.2 — 321.4 = 
950.8 B.t.u. per lb. 

Examrie.—How much heat must be abstracted from 1 lb. of dry 
saturated ammonia at 85° F. in condensing it to the liquid state and how 
much external work is done by the ammonia in condensing? Souurion, 
—By Table 299, P = 167.4 lb. per sq. in. abs. Vp = 1.788 cu. ft. per 
lb. Vx = 0.027 cu. ft. per lb. Hp = 557.9 B.t.u. per lb. h = 59.4 
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B.t.u. per lb. Hence, by For. (275), the heat added = Q = Hz — Hi 
= 59.4 — 557.9 = —498.5 B.t.u. per lb.; or, the heat abstracted = —Q = 
498.5 B.t.u. per lb. Also, by For. (277), the work done by the vapor = 
Wr = 144P(V2 — Vi) = 144 X 167.4 X (0.027 — 1.788) = —42,450 ft. 
lb.; or, the work done on the vapor = —Wg = 42,450 ft.-lb. 
Nots.—Tur Enercy Reuations During THrotriine AnD Isopy- 
NAMIC ProcussmEs are not required in engineering work. For a throttling 
process, as explained in Sec. 387, Q = 0, Wz = 0, and, therefore, Qr = 0. 
For an isodynamic process, by definition, Q; = 0; hence Q = —W2/778. 


391. The Characteristics Of Water Vapor—Steam—Make 
It The Best Medium Of All The Vapors For Transforming 
Heat Energy Into Mechanical Work.—The water from which 
it is formed is the cheapest and most plentiful of all liquids. 
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Fig. 349.—Latent heat of vaporization in steam-engine operation. (C = condenser. 


H = hot well. S = sewer. V = vacuum pump. F = feed pump.) 


It is relatively non-corrosive and does not harm the interiors of 
boilers. The steam formed does not attack steel. It gives 
off no fumes that are harmful to the body. Another impor- 
tant property is that the water has a large latent heat of vapor- 
ization (see Sec. 323), almost twice that of any other vapor. 
This property of water makes it possible to transmit much 
heat (Fig. 349) with little liquid or vapor. The boiling 
temperatures of steam are fairly high with moderate pressures 
and since the efficiency of an engine depends on the tempera- 
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ture range through which it acts, this is a decided advantage. 
It is these characteristics of steam which have made it the one 
vapor used in preference to all others, for generating power. 

Notr.—Dry Saturatsep Or SupprHEaTeD Strmam Is COLORLESS 
Anp TRANSPARENT as are the colorless gases. The fog (Sec. 343) which 
one sees issuing from a steam exhaust pipe or from the mouth of a person 
in winter is really not steam. Itis merely condensed water vapor—small 
particles of water—suspended for the moment in the atmosphere. 

392. The Quality Of Steam Can Be Determined By Means 
Of A Throttling Calorimeter (Figs. 350 and 351), providing 
the steam is not very wet—the lowest quality determinable by 
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Fia. 350.—Barrus throttling steam calorimeter. 


Il-Assembly 


a throttling calorimeter ranges from about 94 per cent. at 300 
Ib. per sq. in. abs. to about 96.5 per cent. at 100 lb. per sq. in. 
abs. In plants using saturated steam, it is desirable to know 
the quality of the steam because the pressure alone does not 
determine its heat content. When a throttling calorimeter is 
used, a sample of the steam is obtained by means of a sampling 
tube, S (Fig. 350), extending almost across the steam main in 
which it is desired to determine the quality. The sampling 
tube has a uniform arrangement of small holes so that a repre- 
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sentative sample is obtained. The admission of the sample 
is controlled by valve, V. The temperature of the incoming 
steam is measured by a thermometer 7;. The steam then 
passes through a small hole or orifice, O, in the center of a 
circular plate, into the chamber, C, (Fig. 351). The orifice 
is so small (about 6 in. in 
diameter) that the steam pres- 
sure is reduced by it to prac- 
tically atmospheric pressure. 
The pressure, Pe, in C may be 
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the heat in the incoming steam, 
since no work is done by it, / 
must be in the exhaust steam. ; 
Since the heat content of slightly ° 
wet steam at higher pressures is 
greater than that of saturated 
steam at atmospheric pressure, 
the exhaust steam will be superheated. When the calorimeter 
is in use, V is opened wide and the temperature of the exhaust 
is read from the thermometer T>. 

393. Table Showing Density and Specific Volume Of Water 
At Different Temperatures.—Abridged from “Steam Tables” 
by Marks and Davis (Longmans). 


Steam Outlef-> 
“Heat Insulation 


Fig. 351.—Section of Barrus throttling 
calorimeter in operation. 


Specific Density, Tempera- Specific Density, 
Temperature, 
doe. Fahd. volume, Ib. per cu. ture, deg. volume, lb. per cu. 
cu. ft. per lb. ft. Fahr. cu. ft. per Ib. ft. 

40 0.01602 62.43 210 0.01670 59.88 
70 0.01605 62.30 250 0.01700 58.83 
100 0.01613 62.00 300 0.01744 57.33 
130 0.01625 61.55 350 0.01800 55.57 

170 0.01645 60.80 400 0.0187 53.5 
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396. To Compute The Quality Of Steam From The Results 

Of The Throttling Calorimeter, use the following formula 
which is derived below: 
(278) 3 1,050 + we" h 
Wherein: x = the quality of steam, expressed decimally. 
T. = the temperature shown by the thermometer T2 (Fig. 350) 
in degrees Fahrenheit. h = the heat of liquid corresponding 
to the temperature of the steam, 71, before passing through 
the orifice as shown by thermometer 7; (Fig. 350), in British 
thermal units per pound. L = latent heat of steam corre- 
sponding to 71, the same temperature as for h in British 
thermal units per pound. 


(decimal) 


ExAMPLE.—Suppose the temperature of the entering steam, 7, 
is 355.8° F. and the temperature of the steam in the exhaust side of the 
calorimeter, 72, is 250.3° F. The pressure in the calorimeter chamber, 
C, is assumed to be practically atmospheric. What is the quality of 
the steam? Soxtution.—By For. 278, the quality, x = (1,050 + 0.4672 
—h)/L = (1,050 + 0.46 x 250.3 — 327.4) /865.4 = 0.969, or 96.9 per cent. 

Derrvation.—As the calorimeter is well insulated and there is a 
sufficient flow of steam so that the heat loss in it may be neglected, the 
total heat of the steam will be the same before and after passing through 
the orifice. If the temperature of the wet steam before passing through 
the orific: is T,, the corresponding total heat of the wet steam (by For. 
242) =h + xL. If the steam is superheated after passing through the 
orifice, the total heat of the superheated steam (by For. 244) = Hp + 
CTs. Since the two are equal, h + xL = Hp + CT7’g, and: 
_ Hp +CTs—h 


(279) L (decimal) 
Or: 

Beer, ato 
(280) Bie Ssnee 7 ies (decal) 


Wherein: 7's = 7. — T3 or the difference between the observed tem- 
perature and the temperature corresponding, in a steam table, to the 
observed pressure after passing through the orifice. When a pressure 
corresponding to a temperature of about 213° F. is obtained on the 
atmospheric side of the orifice, the atmospheric values for Hp, C and 7 
may be substituted and For. (280) becomes: 


1,150.7 + 0.46(Ts — 213) — 
(281) os st ce U2 Beak (decimal) 


And simplifying: 
1,050 + 0.467, —h 
(282) x= a L ; (decimal) 


Which is the same as For. (278). 
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397. When Steam Is Too Wet To Superheat In A Throttling 
Calorimeter (Sec. 395) its quality may ordinarily be measured 
in a separating calorimeter (Fig. 352). This is a device for 
mechanically separating and measuring the water suspended 
in the steam. The quality is found by dividing the weight 
of dry steam by the sum of the weight of the moisture and the 


Steam Gage., 


Scale In 


mh Lb. 
Div,/s ors 


DD 


Ue 


ZZ} 
ay 
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f cay ey 


1) b i 
Malet ean 
\y “ b 5 t) t ; 
N = Mensur 4 A i) 
| S===NN Orifice Collected-, y jt : 
‘ SSSSSSSS ee 3 Water 4 ’ rh 02 


Ps ee Rubher Hose 
Binding." To Bucket Connection To = 
Se Of Water Steam Trap----- 
Fie. 352.—Separating calorimeter Fie. 353.—Steam separator for 
(which separates, mechanically, the removing entrained moisture. 


water from the steam). 


weight of the dry steam. It is impossible, however, to com- 
pletely separate all of the liquid from the vapor with a-separat- 
ing calorimeter. Hence, such calorimeters always indicate a 
quality slightly in excess of the actual. When the steam 
pressure is less than about 50 lb. per sq. in., a separating calo- 
rimeter is very inaccurate. A throttling calorimeter may, 
however, be used on the discharge from the separating calori- 
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meter so as to correct the error. The operation of the separat- 
ing calorimeter is explained below. 

ExpLANATION.—The steam enters the calorimeter through the tube, 
A, and discharges into the metal basket, B, which has perforations 
through its sides. The bottom of the basket is not perforated. Hence, 
to reach the outlet, D, above, the steam must make a sharp turn as it 
leaves the tube, A. In making this turn, the moisture in the steam, 
being heavier than the dry vapor, is thrown through the perforations 
in the side of B into the inner chamber, C, where it collects. The volume 
of the water, W, thus collected is read on the scale, S. Thesteam passes 
through, D, into the outer chamber, EZ, and then through the orifice, O, 
into the atmosphere or into a bucket of water. The rate of steam flow 
through the orifice, O, will depend on the pressure in H. The gage, G, 
has two sets of graduations, one showing the pressure in H, and the 
other showing the weight of steam flow through O during a 10-minute 
period. As this gage for the steam flow is unreliable, a better scheme is 
to obtain the weight of the steam by condensing it—by passing it into a 
bucket of water—and then weighing the condensed steam. 

Nore.—In StTeaM-ENGINE Practice, Steam Is Usuatiy Passep 
TuroucHy A Separator (Fig. 353) Brerorr Ir Reacues Tan ENGINE. 
Hence its quality on entering the engine is high enough to be measured 
in a throttling calorimeter. 


398. Ammonia, Carbon Dioxide, And Sulphur Dioxide 
Vapors Are Used In Refrigeration Practice.—Since in mechani- 
cal refrigeration temperatures below 32° F. are required, it is 
desirable to employ some vapor which has (at moderate 
pressures) a boiling temperature lower than 32° F. It is 
difficult to utilize water vapor for refrigeration purposes 
because water has a relatively high freezing point—it would be 
a solid at temperatures which must be used in refrigeration. 
Ammonia, carbon dioxide, and sulphur dioxide are the vapors 
which are generally employed. Ammonia is a very satis- 
factory refrigerant for ordinary refrigeration purposes because, 
at moderate pressures (130-200,1b. per sq. in.), it can readily 
be condensed with cooling water at temperatures of 50 to 80° 
F. Sulphur dioxide condenses at pressures of from 40 to 
60 lb. per sq. in. even with relatively warm condensing water. 
Thus this fluid is used to advantage in the tropics. Carbon 
dioxide is best suited for low-temperature refrigeration, but it 
must have cool condensing water, for otherwise the efficiency is 
greatly impaired. Carbon dioxide must be raised to a pressure, 
of nearly 1,000 lb. persq. in. before it can be condensed at 80° F. 
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QUESTIONS ON DIVISION 11 


1. What is the distinction between a vapor and a gas? Do gases and vapors behave 
similarly? 

2. What are the three conditions in which a vapor may exist? Define eachintwo 
ways. Which one seldom occurs in practice? 

3. What are the two forms of saturated vapor? Define each. 

4. How is the amount of superheat in a vapor expressed? 

5. How may the condition of a vapor be determined? 

6. What is meant by the quality of a vapor? 

7. How may the properties of a vapor at some pressure between those given in the 
table be found? 

8. Define heat of the liquid. Total heat of a vapor. Of what values givenin the 
vapor tables is the total heat the sum? 

9. How may the total heat of a wet vapor be found? Of a superheated vapor? 

10. Define the specific volume of a vapor. How is it determined for wet, dry satu- 
rated, and for superheated vapors? 

11. How would you find the quality of a wet vapor if you knew only its pressure and 
specific volume? 

12. Give the general formula for finding the internal heat energy in any vaporous 
substance. What is the starting point from which internal energy is measured? 

13. Of what two factors may heat energy be considered the product? Explain the 
similarity, on this basis, of heat and other forms of energy. 

14. Give two definitions of entropy. Can a substance suffer an increase or decrease 
of heat content without suffering a change in entropy? Explain. 

15. Can entropy be measured? How are entropy values determined? Do all sub- 
stances have entropy? Explain. 

16. Of what use is entropy in heat calculations? Of what value are charts which 
employ entropy? 

17. Is it possible to determine the absolute entropy of the substance? Why? 

18. Do we ever need to know the absolute entropy of a substance? From what 
starting point is entropy generally measured? 

19. What is the difference between absolute entropy and total entropy? 

20. How can the change in entropy during heat transfer be determined? Explain 
fully. 

21. Explain the usefulness of the temperature-entropy diagram for any process. 

22. What sort of temperature-entropy diagrams are useful in engineering? What is 
the difference between such a diagram and a chart? 

23. How would you find the entropy of a dry saturated vapor? Of a superheated 

- yapor? Of a wet vapor? 

24. What is a Mollier diagram? Using values from the steam tables show by asketch 
how a Mollier diagram is constructed. Indicate on your sketch what portion of the 
diagram is generally most used. 

25. In how many ways may vapors expand and be compressed? What may be 
considered as the fundamental expansion or compression processes? 

26. What are the three principal kinds of vapor expansions which are encountered 
in actual machines? 

27. What is an isentropic expansion? In what kind of machines do nearly isentropic 
expansions occur? Why is the isentropic expansion considered as the ideal? Explain 
with a sketch. 

28. What changes in quality or superheat accompany isentropic expansions of vapors? 
How would you determine the quality or superheat of a vapor after isentropic expansion? 

29. Where do constant-pressure expansions of vapor occur in practical machines? 

30. Under what conditions does a vapor expand without change of heat content? 
In what practical processes do such expansions occur? 

31. What are the three principal ways in which vapors may be compressed? Which 
of these is not practically attainable? In what machines and under what conditions 


are these compressions obtained? 
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$2. Derive the energy relations for an isentropic process for a vapor. What quantity 
can be read directly from a heat-entropy chart? 

83. State and derive the energy relations for a constant-pressure process for a vapor. 

84, What are the energy relations for throttling and isodynamic processes? 

35. What characteristics of steam make it so suitable a medium for heat engines? 

36. Make a sketch of and explain the principle of operation of the throttling calori- 
meter. 

37. When cannot a throttling calorimeter be used? What calorimeter is then used 
and how does it operate? Make a sketch of it. Is this calorimeter very accurate? 

38. Under what different conditions of refrigeration are ammonia, sulphur dioxide, and 
carbon dioxide used? Which of these is most generally used? 


PROBLEMS ON DIVISION 11 


1. What is the total heat given off in the condensation of 1,500 lb. of wet steam at 
20 Ib. per sq. in. abs, having a quality of 92.8 per cent. when the condensate is cooled 
to 60° F.? 

2. What amount of heat must be supplied to 1,720 lb. of water at 49° F. to convert it 
to steam at 185 lb. per sq. in. gage pressure and 432° F.? 

3. Steam at 140 lb. per sq. in. abs. and 98 per cent. quality expands in a turbine to 
a pressure of 2 lb. per sq. in. abs. After this expansion it has a quality of 81 per cent. 
By calculations from the values given in the Steam Table, find the heat absorbed by 
the turbine from 1 lb. of steam. Note: Heat absorbed equals heat content of steam at 
throttle minus the heat content of exhaust steam. 

4, Find the specific volume of the steam entering and leaving the turbine of Prob. 3. 

5. Find the internal energy of the steam entering and leaving the turbine of Prob. 3. 

6. Find, without the use of the chart (Fig. 343), the increase in entropy during the 
expansion in Prob. 3. How much more heat is in 1 lb. of the exhaust steam than would 
have been in it, had the steam expanded isentropically? 

7. Steam at 160 lb. per sq. in. abs. and 40° F. superheat expands isentropically (that 
is, along a constant entropy line) to a pressure of 5 lb. per sq. in. abs. By means of the 
chart find the quality of the steam after this expansion? Find the quality of the steam 
after expansion by calculation from the entropy values given in the steam tables without 
using the chart, and check this value with that found by means of the chart. 

8. How much external work would be done by each pound of steam during its 
expansion in a steam-engine cylinder if the steam expanded isentropically from 200 lb. 
pre sq. in. abs. and 100° F. superheat to a pressure of 3 lb. per sq. in. abs.? 

9. In the coils of an ammonia refrigerating system, vapor ammonia of 10 per cent 
quality and at —10° F. is evaporated at constant pressure until its quality becomes 0.95, 
How much heat is absorbed by each pound of ammonia and how much external work is 
done during the process? 

10. A throttling steam calorimeter gives readings as follows: Te mperature before 
passing through orifice, 346° F. Temperature after passing through orifice, 256° F 
Pressure after passing through the orifice, 15 lb. per sq. in. abs. What is the quality of 
the entering steam? 


DIVISION 12 
GAS AND VAPOR CYCLES 


402. A Cycle May Be Defined As: A series of processes 
performed in a definite order or sequence such that, after a definite 
number of the processes, all concerned substances are returned to 


Large Gear 
+Reyolution 


I aut W 
Ys Completed 2/3 Completed Completed 


Fie. 355.—A cycle as applied to a machine. 


their original state and condition. Figures 354 and 355 show 

simple cyles; the illustrations are self-explanatory. In heat engi- 

neering, cycles generally consist of condition changes of gases or 
375 
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vapors. They may be considered with respect to one machine 
—as, for instance, the steam engine in a steam power plant or 
the ammonia compressor in a refrigerating plant—or they may 
be considered with respect to an entire plant. Hach time a 
pound of water has completed a round trip through the appa- 
ratus—boiler, engine, condenser, hotwell, and again back to 
the boiler—and attained its original condition, it is said to have 
completed one cycle. When only the processes which occur 
in a single heat machine (cylinder) are considered and when 
the weight of the working substance (steam, in a steam engine) 
within the machine is changed from time to time (by admitting 
and taking away a part of the working substance), then the 
series of processes does not constitute a true cycle. Such a 
series of processes is sometimes termed a pseudo cycle (pseudo 
meaning false). In this division, both true and pseudo cycles 
will be discussed. 

403. All Heat Engines And Refrigerating Machines Operate 
on Cycles.—A heat engine (Fig. 356-Z) is any machine which 
utilizes heat energy for the production of mechanical energy— 
for example, the steam engine or turbine and the internal 


Vapor Absorbs Vapor Rejects 

Heat Here, Heat Here 
a Vapor | a CU 

Ammonia 


Vapor Rejects 
Heat Here-., 


Vapor Absorbs Heat Here 


S Work Done ai: 
by Vapor Here.|\ MMs] > 
2 


Liguia 


Trap Returns =" Mf Ammenia N= 
= - zi 
ye » Water: Receiver Or Holder’ ompresso. 


T-Refrigerating Machine- 


LHeat Engine-Steam Power Plant Ammonia Compression Plant 


Fria. 356.—Showing the difference between a heat engine and a refrigerating machine. 


combustion engine. A refrigerating machine (Fig. 356-IJ) is 
any machine which utilizes mechanical (or other) energy to 
accomplish the transfer of heat energy from one body to a 
relatively hotter body; see also Div. 18. A_ refrigerating 
machine may therefore be called a heat pump. Generally 
speaking, if a heat-engine cycle is reversed (the processes, 
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Sec. 402, performed in the reverse direction and reverse order), 
it becomes a _ refrigerating-machine cycle and vice versa— 
the reversal of the cycle is not possible, however, with all 
heat-engine cycles. Since heat engines and refrigerating 
machines operate on cycles, as stated above, the importance of 
studying cycles becomes apparent. The usefulness of study- 
ing cycles is further explained in Secs. 406 to 409. In this 
division, the more important heat-engine and refrigerating- 
machine cycles will be discussed. 


Note.—Tue Taree EssentiaL Evements Or Every Hat ENGINE 
Anp REFRIGERATING MacuINE are: (1) A hot body which serves as a 
source of heat for a heat engine or as a receiver of heat for a refrigerating 
machine. (2) A working substance. (3) A cold body which serves as a 
receiver of heat for a heat engine or as a source of heat for a refrigerating 
machine. During the operation of a heat engine, heat energy leaves the 
hot body passing to the working substance by means of which substance 
a portion of the heat energy is transformed into mechanical work; the 
remainder of the heat energy is rejected from the working substance to 
the cold body so that the working substance may return to its initial 
condition and be ready to start a new cycle. This operation is explained 
in following Sec. 410. During the operation of a refrigerating machine 
(Fig. 356) heat energy leaves the cold body passing to the working sub- 
stance which, by means of mechanical work done on it, is made capable 
of rejecting the heat energy to the hot body. This operation is explained 
in following Sec. 433. The working substance may be a solid, liquid, 
vapor, or gas—although, in engineering, vapors and gases are most 
commonly used. A heat engine utilizing a solid body as a working sub- 
stance is shown in Fig. 150. 


404, The ‘Thermal Efficiency’? Of A Heat Engine is defined 
as the ratio of the heat converted into work (output) to the 
heat supplied to it from the hot body (input). This definition 
is quite general. Inasmuch as the work output of the engine 
(at the shaft) is always less than the total work resulting from 
the conversion of heat, the thermal efficiency may be con- 
sidered on the basis of either of these two quantities. It 
should, therefore, always be clearly understood and stated 
on which basis the thermal efficiency is considered (see also Sec. 
436). In the following sections, the thermal efficiency will be 
considered on the basis of work which actually (or theoretically) 
results from the conversion of heat energy. The definition 
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for the term as herein used, may be expressed by the formula: 


(283) Thermal efficiency = 
Heat converted into work 
Heat supplied from hot body 


(decimal) 


It is obvious from the definition that engines with high 
thermal efficiencies are more desirable than are engines with 
low efficiencies. 

Exampie.—A gas engine (Fig. 357) consumes 20 cu. ft. of a gas (each 

cubic foot representing 500 B.t.u.) in 

Exhoust.. Gas Engine... developing 1 hp.-hr. What is its 

Gas Meter “4 1 S thermal efficiency? SoLuTIon.— 

Records 206 Ft The heat supplied = 20 X 500 = 
if fu. 2 

aeons 10,000 B.t.u.- Since 1 hp.-hr. = 2,545 

co i) Wen B.t.u., by For. (283), the thermal 


: LLU efficiency = (Heat converted into 
Gas SLE work) /(Heat supplied from hot body) 
Fria. 357.—What is the thermal = 2,545 + 10,000 = 0.254,5 or 25.45 

efficiency? per cent. 


405. The ‘Coefficient Of Performance’’ Of A Refrigerating 
Machine is defined as the ratio of the heat abstracted from 
the cold body (output) to the heat equivalent of the energy 
required (input). As with thermal efficiencies, the coefficient 
of performance may be considered on the basis of the work 
actually done on the working substance or on the basis of the 
work input to the machine at its shaft. On which basis the 
coefficient of performance is being considered should always 
be clearly stated and understood. In the following sections, 
the coefficient of performance will be considered on the basis 
of the work actually done on the working substance. The 
definition for the term as herein used may be expressed by 
the formula: 


(284) Coefficient of performance = 


Heat abstracted from cold body 
Heat equivalent of energy supplied 


(number) 


It is self-evident that a high coefficient of performance is 
desirable. 


Exampiy.—A test of an ammonia refrigerating plant (Fig. 358) 
shows that 5 hp. is expended in compressing the ammonia while 50,000 
B.t.u. per hr. is extracted from the cold room. What is the coefficient 
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of performance? Soniurion.—Since (Sec. 82) 1 hp. = 2,545 B.t.u. per 
hr., 5 hp. = 5 X 2,545 = 12,725 B.t.u. per hr. Hence, by For. (284), 
the coefficient of performance = (Heat abstracted from cold body) /(Heat 
equivalent of energy supplied) = 50,000 + 12,725 = 3.92. 


406. The Various Cycles Provide Ideal Ultimate Goals For 
Judging Or Comparing the actual performances of the heat 
engines and plants of the various types. These cycles—which, 
remember, are ideally perfect—are useful concepts in some- 
what the same way as are the ideas of “‘a perfect gas” and “‘a 
frictionless surface.”’ Thus, as 
will be shown, the cycle effictency 
of an engine or plant can be 
calculated (on the basis of the 
actual temperatures which ob- 
tain in the plant) on the 7 
assumption that the engine or 
plant is operating in conformity 
with one of these ideal cycles. 
This efficiency will then show what proportion of the heat 
input to the engine or plant would be realized as work output 
if the plant were actually operating in accordance with the 
processes of the assumed ideal cycle and through the tempera- 
ture ranges which actually obtain for the engine or plant. 

407. The Usefulness Of Studying Cycles, as is hereinafter 
done, lies in the facts that: (1) The study of any cyclic series 
of processes reveals (from a consideration of the proposed 
thermal conditions—temperatures and pressures), without 
actually building a heat machine—or plant—to utilize the 
processes, an upper limit or maximum which the thermal 
efficiency or coefficient of performance cannot possibly exceed. 
(2) The study of cycles reveals in advance the effect (upon the 
efficiency or coefficient of performance) that will follow from 
changes in the condition of the working substance at different 
phases of the cycle—for example: the effect of changing the 
temperatures between which a machine operates, may be 
foretold. (3) The study guides designers and inventors by 
revealing bow much and in what manner the actual efficiency 
or performance of a given heat machine or plant falls short of 
that of a theoretically perfect machine which operates on the 


Test Shows That 50,000 Btu. Colo 
Are Extracted Per Hour.» Re 


Work Done On Ammonia Vapor-At Rote OF 5 Hp. 


Fie. 358.—What is the coefficient of 
performance? 
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same cycle. (4) Cyclic study also enables comparisons to be 
made between different heat machines or plants which operate 
on the same cycle but with different temperatures—compari- 
sons of the degree of perfection of the actual machines or 
plants. 


EXPLANATION.—THERMAL ErFricrenctes AND COEFFICIENTS OF 
PERFORMANCE Have Uprnr Limits Or Maximums, DepENDING ON THE 
Nature Or Tue Processes Wuicu ConstituTs Tue Cyciz, and on the 
temperature and condition of the working substance at different phases 
of the cycle. Heat machines differ in this way from mechanical and 
electrical machines. Mechanical and electrical machine can theoretically 
be constructed so as to have as high an efficiency as desired—100 per 
cent. being the limit. Practically, the efficiencies of such machines 
cannot be made quite 100 per cent., but they can, by proper design and 
construction be made reasonably near this limit. Electric motors for 
example, have been made with efficiencies as high as 98 per cent. Heat 
machines, however, have always an upper limit of efficiency—much less 
than 100 per cent. for heat engines—which they cannot possibly exceed. 
The reason for this limit is that it is not feasible to reject heat at any 
temperature below that of the coldest nearby natural object. The 
value of this upper limit is determined by the cycle upon which the heat 
machine operates and by the thermal conditions—temperatures and 
conditions of the working substance at different phases of the cycle. 

EXPLANATION.—THE Errecrt Or CHanaina Conpitions Or THE 
WorkinG Susstance Durina A Cyctt May Br Forntroup By Cyctiic 
Srupy by calculating the upper limit of thermal efficiency or coefficient 
of performance for the new and the old conditions. Thus, the effect 
of increasing the boiler pressure upon the efficiency of a steam power 
plant (Fig. 361) may be foretold with reasonable accuracy by computing 
the upper limit of the thermal efficiency of its cycle under both the old 
and new conditions. Thus cyclic study indicates to power-plant de- 
signers what plant conditions will be most economical. 

ExpLANATION.—Cyciic Stupy Rrvrats DiscrEpaANcInEs BETWEEN 
ActuaL AND THEORETICAL Errictpncirs AND PERFORMANCES.—By 
comparison, it may be ascertained why a given heat engine or refrigerat- 
ing machine or plant fails to fulfill the theoretical expectations. Such 
comparisons may then be used as a guide by designers and inventors in 
directing their effects. Such comparisons have probably been the 
stimulus in producing the compound and uniflow steam engines and the 
successful steam turbine. 

ExpLANATIoN.—Cycitps Maker Possrste Comparisons As To 
Drares Or Perrection BetwEEn Dirrperent Heat Macuines which 
utilize the same processes but with different conditions. Thus, when a 
designer builds a machine to operate under different conditions than all 
of his former machines, he may (by computing the cylinder efficiency, 
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Sec. 436) ascertain whether the new machine exhibits the same degree of 
perfection as the former machines—if it does not, he may have to redesign 
the new machine. 


408. The Reason For The Existence Of The Various Cycles 
such as the Carnot, the Rankine, the Otto and the Diesel 
cycles (all of which are discussed hereinafter) is this: Each 
(except the Carnot) provides a sequence of ideal hypothetical 
processes which are to a greater or less degree approximated 
and approached—but which, because of unavoidable losses, 
can never be realized—in the actual performance of a heat 
engine (or power plant) of some certain type. As will be 
shown the Carnot cycle comprehends the sequence of processes 
that will give the maximum efficiency possible for any heat 
engine. The Rankine cycle employs a sequence which 
provides a standard for steam power plants. The Otto and 
the Diesel cycles provide standards for internal-combustion- 
engine plants. 


Exampires.—In the example under Sec. 419, cycle efficiencies of a 
steam power plant are considered. In this plant, the boilers deliver 
steam of 95 per cent. quality to the prime mover at a pressure of 125 lb. 
per sq. in. abs. (344.4° F.). The prime mover exhausts into a condenser 
in which the pressure is 2 lb. per sq. in. abs. (126.15° F.). For this plant 
(as there shown) the Carnot-cycle efficiency is 27.2 per cent.; the Rankine 
cycle efficiency is 24.6 per cent. This means that no theoretically- 
perfect heat engine (or plant), regardless of how effectively it was oper- 
ated or how perfectly it was constructed, which received its heat at 
344.4° F. and rejected its heat at 126.15° F., could possibly have an 
efficiency greater than 27.2 per cent.—which is the Carnot-cycle efficiency 
for these thermal conditions. That is, with the temperature range 
stated, it would be impossible with any sequence of processes or with any 
heat engine, regardless how perfect, to convert more than 27.2 per cent. 
of the received heat into work. Similarly, the Rankine-cycle efficiency 
of 24.6 per cent. means that no ordinary steam power plant operating 
under the steam conditions specified could have an efficiency greater 
than 24.6 per cent. 


409. Cycles Are Most Easily Studied By Diagrams which 
are called cycle diagrams (Figs. 360 and 362) and which 
serve as pictures to relieve the student of the necessity of 
holding in his mind so many different quantities as are gen- 
erally involved in cyclic problems. For the study of cycles, 
as will be shown, the pressure-volume diagram and the tem- 
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perature-entropy diagram are most convenient. With these 
diagrams it is possible to picture the changes in pressure, 
volume, and temperature of the working substance, and often 
to represent by areas the work done and the heat added either 
during any process or during the entire cycle. 


Norn.—Cycizs Are ALways REPRESENTED ON THE PRESSURE- 
votumME AND ON Tue TEMPERATURE-ENTROPY PLANES By CLOSED 
DrAGRAMs, as will be evident from a consideration of the examples which 
follow. 


410. The Simplest Cycle, Probably, Is That Of The Non- 
expansive Engine of which the steam end of a direct-acting 
steam pump, Fig. 359, isa 
common example. So far 
as the machine itself is con- 
cerned, the cycle is briefly 
this: The valve V, being in 
the position shown, steam 
is admitted from the inlet 

Fae \steam Outlet pipe, J, to the left end of 
SEPT oAmeere {the cylinder, C, where it 
ee are exerts its pressure on the 
; eee © aon Ls piston, P, and forces P to 
z the right. After P has 
been forced to the right 
the required amount, the 
valve, V, is automatically 
moved rapidly to the left. 
This admits steam to the right side of the piston and also 
opens a passage for the steam to flow from the left end of C to 
the atmosphere (through A). The steam then forces P to 
the left. When P has moved to the left the required 
amount, V is again thereby automatically shifted to the 
right (to the position shown in Fig. 359). The cycle has 
thus been completed. Inasmuch as the weight of steam 
in the cylinder C is different at different times during a 
cycle, the processes constitute a pseudo cycle (Sec. 402). 
How the cycle may be considered as a true cycle and how it 
may be pictured are explained below. 


900 


Fie. 359.—Section through cylinder and valve 
of a direct-acting steam pump. 
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EXPLANATION.—REPRESENTATION Or Tue NON-EXPANSIVE-ENGINE 
Cycitz By A PressurE-voLUME D1acram.—Assume that, in the position 
shown in Fig. 359, the volume of the cylinder to the left of the piston is 
0.075 cu. ft. and that the steam is supplied at 100 lb. per sq. in. gage 
(boiler pressure) or 114.7 lb. per sq. in. abs. This pressure and volume 
may be plotted on squared paper as indicated at A, Fig. 360. The 
pressure of the steam will force the 


piston toward the right. After the no ap eB 
piston has moved a certain distance == iy WOULODDLAOGG 
to the fight, the valve, V, is auto- = 00 Hh VYGELLEL SAT 
matically shifted toward the left. \ LWAICVC A 
Assume that, at the instant V is “© se HANS CASE 
shifted to the left, the volume at the 4 4 He ee ee 
left of the cylinder is 0.725 cu. ft. Ew BILOAEECCAE ate 
Now, as the piston is forced to the ¢& 4 Hoa 
oa 0 701 02 03 04 05 06 01% 08 


right by the steam, the steam pressure 
remains constant. At the instant of : 

eee Fie. 360.—Pressure-volume diagram 

shifting, therefore, the pressure and —¢o; « non-expansive engine cycle. 
volume are as represented by B, Fig. 
360. Also, the process during which the piston was forced toward the 
right is represented by the straight line AB. As shown in Sec. 262, 
the area FABE represents the work done during this constant-pressure 
process. 

Now as the valve, V, is quickly and automatically shifted to the left, 
the steam is released from the left side of the cylinder and flows into the 
atmosphere. The pressure on the left side of the piston therefore 
decreases from 100 lb. per sq. in. gage to 0 lb. per sq. in, gage (14.7 Ib. 
per sq. in.) in a very short interval of time during which the piston has 
(practically) not moved. The left end of the cylinder therefore holds 
0.725 cu. ft. of steam at 0 lb. per sq. in. gage as represented by the point 
C, Fig. 360. Line BC represents the process of releasing the steam 
pressure in the cylinder. Since the area under line BC is zero, the 
diagram shows that no work has been done during this releasing 
process. 

As the piston is now moved to the left, it forces out the steam at its 
left. If it forces out all but 0.075 cu. ft., then line CD, Fig. 360, will 
represent the exhaust process and the area HCDF will represent the work 
done in expelling the steam. The instantaneous (practically) rise in 
pressure to 100 Ib. per sq. in. gage when the valve, V, is again auto- 
matically shifted to the right is represented by the line DA. Since the 
area under DA is zero, no external work is done in raising the pressure. 

Thus, the entire cycle for one end of the cylinder is pictured on the 
pressure-volume plane by the closed diagram ABCDA in Fig. 360. 
The cycle for a non-expansive engine of given dimensions and working 
between given pressures would be represented by the same pressure- 
volume diagram regardless of whether the working substance were 
steam, air, or any other gas or vapor. The temperature-entropy dia- 


F Volume- Cubic Feet E 
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gram would, however, be different for different working substances and 
for the same substances working between different temperatures. 
EXPLANATION.— DETERMINATION Or Tue TremprraTuRES In THE 
NoN-EXPANSIVE-ENGINE Puant Cycie.—Before constructing the 
temperature-entropy diagram (Fig. 362) it is necessary to know the exact. 
condition of the working fluid at one point (at least) in the cycle. Fur- 
thermore, as suggested in Sec. 402, the cycle must be considered with 
respect to the entire plant in which the given machine forms but one part. 
Now, for the non-expansive steam engine (Fig. 359) which was explained 
above, assume that the plant consists of the equipment shown in Fig. 361. 
Assume further that the water in the tank, H, is at the temperature of 


Steam To Boiler-Feed Pump. Exhoust Steam Steam From 


Valve Closed; No Steam ve MU y ad Borler 
1 Used Elsewhere ‘ sah! ‘ 
: Vv Lee Stack 
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Fia. 361.—An elementary steam power plant (a pumping plant) using steam non- 
expansively. 


212° F.—it will be shown later why 212° F. is used. The water is pumped 
by a small pump, F, from H into a boiler, B. In B the water is heated 
and evaporated; it leaves B as dry saturated steam at 100 Ib. per sq. in. 
gage. 

The steam then passes to the pump, A, which is the non-expansive 
engine (Fig. 359) under consideration. Pump A does mechanical work 
by drawing water from the well W and forcing it out, against a pressure, 
through D. After being used by A, the steam is rejected through pipe Z 
into tank H. A portion of the water delivered by A is admitted into a 
perforated pipe, R, in H. In falling through the steam in H, the water 
from & condenses a portion of the steam therein and is thereby heated 
to the temperature of the steam. Since the tank is open to the atmos- 
phere, the steam will be at 212° F. Since all of the steam js not con- 
densed by the water from R, the remainder will pass out through the vent 
pipe, V, into the atmosphere. To make the cycle complete, assume 
that this steam is formed into clouds which are then precipitated as rain 
(Fig. 8354)—the rain water being returned to W. 
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Norz.—To Correnate Frias. 360 ANp 361, assume that sufficient water 
is pumped from H to B (Fig. 361) to just produce 0.725 cu. ft. of dry 
saturated steam at 100 lb. per sq. in. The feed pump, F (Fig. 361) 
raises the pressure of this water from practically atmospheric pressure to 
100 lb. per sq. in. gage. This corresponds to process DA Fig. 360. As 
this water is evaporated in B (Fig. 361) it passes to A and completely 
fills the cylinder end and pushes out the piston; this is process AB 
(Fig. 360). Then, as the valve in A is shifted, this steam is released and 
its pressure immediately decreases to atmospheric. This is process BC 
(Fig. 360). Finally, as this steam is exhausted from A (Fig. 361), it is all 
transferred to H, part by way of the atmosphere, clouds, and rain, the 
other part by condensation in H. This is process CD (Fig. 360). 

ExpLanation.—To Construct Tue TEMPERATURE-ENTROPY D1IA- 
GRAM For Tur Non-expanstveE Eneing Puant Or Fia. 361, lay off 
scales OY and OX (Fig. 362) on cross-section paper. Temperature-entropy 
diagrams are generally constructed for 1 lb. of the working substance. Hence, 
the point D of the cycle (Fig. 360), since it represents water at 212° F. may 
be plotted on Fig. 362 at D (the entropy value is taken from the steam table) 
temperature and entropy of the water 
are unchanged by the feed pump (f, 
Fig. 361), the point D (Fig. 362) also 


corresponds to point A (Fig. 360). In $ 12 
the boiler, the heat which is first added ¥% JT 
to the water raises its temperature to s 60015 Be $ 
the boiling point and then evaporates 500 mS i is 
it at constant temperature. The heat Syo9/s Fe 8 
added to the water in the boiler is & ie ‘S S 
represented by the area D‘DABB’ in & ey 
Fig. 362. The process BC of Fig. $°°[S iS 
360, although it appears to be a con- 2.10074 
stant-volume change, is actually very & ob iC 


; 05 1.0 1 
nearly a constant-heat expansion— Entropy Per Pound ? ee 


the steam, being released from the a : 

% és x ‘ra. 362.—Temperature-entropy dia- 

cylinder, expands without doing ex- gram for a non-expansive steam engine 
ternal work. Hence the release of cycle. 
the steam may be represented in Fig. 
362 by the line BC. ‘The area B’BCC’ represents heat added to the 
steam during this expansion by friction of the steam. As the steam is 
then condensed at atmospheric pressure, heat is abstracted from it as repre- 
sented by the area C’/CHDD’. 

Now, it will be convenient to construct a slightly different temperature- 
entropy diagram from DABCED which would also conform to the 
pressure-volume diagram DABCD of Fig. 360 but which would represent 
a cycle during which no heat is added to the steam by its own friction. 
To do this, assume that, instead of releasing the steam from the cylinder 
at B (Fig. 360), heat is abstracted from the steam so as to decrease its 
pressure to 14.7 Ib. per sq. in. abs. without changing its volume. This 

25 
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process would also be represented by line BC in Fig. 360 but this would be 
a frictionless process. This process would be represented in Fig. 362 
by BC, and the abstracted heat would be represented by the area 
B'BC,C;'. To condense the remaining steam at C, Fig. 360, a quantity of 
heat as represented by C,’C,DD’ must yet be abstracted. Hence, the 
total heat abstracted is represented by the area B’BC:DD'. Now, since 
no friction occurs in this cycle, the difference between the heat added and 
the heat abstracted must give the external work done. Hence, (area 
D'DABB’) — (area D’DC,BB’) = external work = DABC,D (shaded in 
Fig. 362). Since the temperature-entropy diagram is constructed for 
1 lb. of steam, the shaded area represents the external work done by 1 |b. 
of steam in the engine of Fig. 359. 


411. A Convenient Method Of Comparing Engines Of 
Different Kinds Is To Calculate The Efficiency They Would 
Have If They Were Working On A Perfect Cycle (Shealy) in 
which case they would convert into work the largest possible 
proportion of the heat supplied to them. In this perfect cycle, 
all of the heat taken into the engine is at the maximum tem- 
perature and all of the heat is rejected from the engine at the 
minimum temperature. Hence, all of the heat which is 
utilized by the engine is changed into work by falling through 
the greatest possible range of temperature. This enables 
the engine to perform the greatest possible amount of work. 
Such a cycle is called Carnot’s cycle. 

412. The Carnot Cycle Is A Theoretical Heat-engine Cycle 
which was devised by a French scientist named Carnot, 
principally to show, as will be shown here (Sec. 416), that the 
efficiency of any heat engine cannot exceed a certain value, 
which depends on the maximum and minimum temperatures 
of the working substance during the cycle. That is, as is 
explained in Sec. 416 the efficiency of the Carnot engine cannot 
be exceeded by any other engine operating with the same hot 
and cold bodies. No attempt has ever been made to build 
a heat engine to operate on the Carnot cycle. If such an 
engine were built, its size would be so great with respect to its 
power output that its mechanical losses would far offset the 
gain over other engines due to its higher efficiency. The 
Carnot cycle is explained below. 


EXPLANATION.—The Carnot engine (Fig. 363) presupposes for its 
operation: (1) A hot body as a source of heat, H, whose temperature 
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remains constant (Ty) no matter how much heat is abstracted from it. 
(2) A cold body as a receiver of heat, C, whose temperature remains 
constant (Tc) no matter how much heat is added to it. (8) A cylinder, 
O, with sides which are perfect non-conductors of heat and with an end 
which is a perfect conductor of heat. (4) A piston, P, of perfectly non- 
heat-conducting material. (5) A block, B, of perfect heat-insulating 
material. The working substance, G, which may be either a vapor 
or a gas, is enclosed in the cylinder between the piston and the 
conducting end of the cylinder. The cylinder must be so arranged 
that H, C, and B can at will be placed against its end. 
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Fie. 363.—Carnot’s engine. 


Assume for the present that the working substance is a gas and that it is 
confined in a small volume and at the temperature (Ty) of the heat source, 
H, as shown in Fig. 363-7. Let the gas expand slowly. Its temperature 
will tend to decrease but, since the cylinder end is a perfect heat con- 
ductor, heat will flow from H to @ and maintain the temperature of @ 
constantly at Ty. After an interval (IJ, Fig. 363), let H be removed from 
the cylinder end and let B be immediately put there. Let the expansion 
of G proceed. The expansion will be adiabatic because no heat can now 
flow to or from the gas. When the temperature of the gas has been 
lowered to that of the heat receiver, let the expansion be stopped and let 
B be replaced by C (Fig. 363-I/J). Let the gas be now compressed. Its 
temperature will tend to rise but, since the cylinder end is a perfect heat 
conductor, heat will flow from G to C and maintain the temperature of G 
constantly at Tc. Let the isothermal compression be stopped at such a 
point (IV, Fig. 363) that, C being replaced by B, adiabatic compression 
to the initial volume (as in J) will increase the temperature of G to Ty 
and thus restore the gas to its initial condition. The pressure-volume 
diagram of the cycle will appear as shown in Fig. 364. The temperature- 
entropy diagram will appear as shown in Fig. 365. 

Norts.—It Fottows From Tue Asove Description Or Tar Carnot 
Cycie Tuat Certain Revations Musr Exist BetwrEn THE PreEs- 
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surES AnD VotumEs of the gas at the different points A, B, D, and # 
(Fig. 364). As stated above, the isothermal compression JJJ must 
cease at just the right point. By applying For. (239) to the adiabatic 


process JJ, there results: 
1 


ea 
(285) Vo =VsB Tp a) (volume) 


where k is the adiabatic exponent (Cp/Cy). But, since Tg = Ty 
and Tp = Te, For. (285) may be written: 
1 


Ta\k-1 
(286) Vo = Va — (volume) 
Tc 
Area ABDE Represents 
Net Work Of Cycle Ss 
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Fia. 364.—Pressure-volume dia- Fie. 365.—Temperature-entropy 
gram (general) for the Carnot heat- for the Carnot cycle. 


engine cycle with a gas as the 
working substance, 


Likewise, by applying For. (239) to the adiabatic process JV, there 
results: 


1 
4h 
(287) Va=Vz 7) (volume) 
But, since Tg = Tc and T,4 = Ty, For. (287) may also be written: 
Te\k-1 
(288) Va=Ve 7) (volume) 
Or, by transposing 
1 
Ta\k-1 
(289) Vz =Va 7) (volume) 
Now, from Fors. (286) and (289), there can be written the proportion: 
(290) Vo:Vei::Vau:Va (proportion) 
In a similar manner it can be shown that: 
(291) JONI ROO eB) Sip ‘ (proportion) 


413. When A Vapor Is Used As The Working Substance 
In A Carnot Engine, the pressure-volume diagram generally 
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will be different from Fig. 364 (only if the vapor remained 
superheated during all of the process would the pressure- 
volume diagram have the appearance of Fig. 364). The 
quality of the vapor (if it is not always superheated) will be 
the least either at the beginning or end of the adiabatic com- 
pression (JV, Fig. 363). If, during this compression, the 
vapor is very wet, the quality will be least at its end; if the 
vapor is quite dry, the quality will be least at the beginning. 
Assume that the quality at the end of the compression is 
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Fia. 366.—Pressure-volume graphs for the Carnot cycle with 1 lb. of steam as the 
working substance and operating between the temperatures of 339 and 250° F. (Steam 
entirely condensed at A.) 


zero; then the pressure-volume diagram will appear as J, 
II, or III of Fig. 366, depending on whether the vapor is 
saturated, slightly superheated, or highly superheated at the 
end of the isothermal expansion AB. 

Nore.—Tue TrMPERATURE-ENTROPY Diagram For ALL CaARNoT 


Enarngs, even those in which the working substance is a vapor, has the 
general form shown in Fig. 365. 


414, The Thermal Efficiency Of The Carnot Cycle (see Sec. 
404 for definition of thermal efficiency) may be readily com- 
puted by the following formula, the derivation of which is 
shown below: 

he Teo 
(292) B= 
Wherein: E = the thermal efficiency of the Carnot cycle, 
expressed decimally. Ty = the absolute temperature of the 
hot body or source of heat, on any scale. Te = the absolute 
temperature of the cold body or receiver of heat, on the same 
scale as Ty is measured. 


(decimal) 
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DERIVATION.—Since Fig. 365 represents the Carnot cycle for any 
working substance, the area A’ABB’ represents the heat taken from the 
source during one cycle for a given weight of working substance. Like- 
wise, the area B’/DEA’ represents the corresponding amount of heat 
rejected to the receiver. The difference between these two areas, 
that is the area ABDE, therefore represents the amount of heat taken 
from the source and not rejected to the receiver. This obviously is the 
heat which is converted into work. ‘Therefore, from the definition of 
thermal efficiency (Sec. 404), 


area ABDE 


(293) E= SreAr Ata BR (decimal) 
But, from Fig. 365, 

(294) area A’ABB’' = (distance A’B’) X Tu (area) 
and 

(295) area ABDE = (distance A'B') X (Tx — To) (area) 


Therefore, by dividing (295) by (294) 


area ABDE _ (Tu — Tc) X (distance A’B’) _ Ta — Te : 
26 eaA ABB! ~ 0 caix (castence A’B)) Tae 
and, substituting from (296) into (293), there results 
eee Le : 
(297) Ee a le (decimal) 


which is the same as For. (292) 

ExaMpLe.—(See also example under Sec. 419). What is the thermal 
efficiency of the Carnot cycle if the temperature of the source and receiver 
are respectively 1,000 and 80° F.? Soiution.—By For. (292), the ther- 
mal efficiency = E = (Ta — Tc)/Tz = (1,000 — 80) + (80 + 460) = 
0.17 or 17 per cent. 

Nore.—In Finpine Tar Vauuge Or Tur Trrm “Ty — To,” Ir Is 
UNNECESSARY To CHANGE EAcH TEMPERATURE To Its VALUE ON THE 
ABSOLUTE TEMPERATURE ScatEe. The difference between two Fahren- 
heit temperatures is the same as the difference between the same tem- 
peratures expressed in degrees Fahrenheit absolute. 


415. The Carnot Engine Becomes A Refrigerating Machine 
when the engine is supplied with mechanical energy and 
operated in the reverse direction from that explained in Sec. 
412 (see explanation below). In Sec. 403 it was suggested 
that, theoretically with some exceptions, heat engines when 
reversed become refrigerating machines. The ‘‘reversed”’ 
Carnot cycle is as follows: 


ExpLANaTion.—Assume that the Carnot engine which was described 
in Sec. 412, is now operated as shown in Fig. 367, the temperature, 
pressure, and volume of the gas in J, Fig. 367, being the same as in J, 
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Fig. 363. The processes illustrated in Fig. 367 may be represented by 


the pressure-volume diagram of 
diagram will again appear as show 


ABDE represents work done on the gas instead of by the gas. 
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Fic. 367.—Refrigerating machine operating on reversed Carnot cycle. 


abstracted from the cold body (the output of a refrigerating machine, 


Sec. 405) is represented in Fig. 365 by the area A’HDB’. 


coefficient of performance 
in terms of the temperatures. 


(298) 


Area ABDE Represents 
Net Work\OF Cycle 


Pressure 


Volume 


Fic. 368.—Pressure-volume dia- 
gram for the Carnot refrigerating 
machine with a gas as the working 
substance. (Compare with Fig. 
364.) 


Coefficient of performance = 


Hence, the 
(area A'EDB') + (area ABDE). Expressed 
oe To (number) 


1 Heat Unit Per Hour 


Theoretical 
Carnot Engine 


(cTe) Heat Units 
Tu Per Hour 


Fic. 369.—Imaginary arrangement of 
a Carnot engine driving a Carnot refrig- 
erating machine. 


416. The Efficiency Of The Carnot Engine Cannot Be 
Exceeded By Any Other Engine Operating With The Same 


Hot And Cold Bodies.—This 


is a very important relationship 


inasmuch as it affords a criterion of the maximum efficiency 


392 PRACTICAL HEAT [Drv. 12 


that can be attained by any heat engine. The proof of the 
statement follows. 


Proor.—First imagine an arrangement, as suggested in Fig. 369, 
of a Carnot engine, #, driving a Carnot refrigerating machine, R, both 
machines utilizing the same hot and cold bodies H and C. From For. 
(283), by transposition, there results: Heat converted into work = (Heat 
supplied from hot body) X (Efficiency). And, from For. (292), the 
efficiency of a Carnot engine = (Ty — Tc)/Tx. For each unit of heat 
that is supplied from H to 4, there will be converted into work: 
1X [Ta — Tc/Tx] = Ta — Tc/Tu heat units. The difference between 
the heat supplied to # and the heat which # converts into work will be 
rejected to C. Hence, heat rejected to C for each heat unit supplied to 
f= \— (Ty = Tc/Tx) = Tc/TH heat units. 

Now, assume that the work developed in # is all expended in driving 
R. Then, for each heat unit supplied to H, Tz — Tc/Ty heat units 
will be supplied, as work, to R. From For. (284), by transposition, 
there results: Heat abstracted from cold body = (Coefficient of performance) 
X (Work supplied). And, from For. (298), the coefficient of performance 
of a Carnot refrigerating machine = Tc/(Ty — Tc). Hence, in Fig. 
369, for each (Tx — Tc) /Tz heat units supplied as work to R, there 
will be abstracted from C: Te/(Tz — Tc) X [(Ta — Tc)/Tx] = Tc/Taz 
heat units. This heat, together with the energy supplied to R as 
work, will be rejected by R to H. Hence, there will be rejected to H 
(Tc/Ta) + (Tx — Tc)/Tu] = lheat unit. Ithas therefore been proved 
that & returns to H just as much heat as H abstracts from it; also, 
that & abstracts from C just as much heat as F rejects to it. Hence 
the quantities of heat in C and H remain unchanged by the simultaneous 
operations of H and R. 

Now suppose for the moment that there exists some engine which has 
a greater efficiency than H, Fig. 369. It would be possible to use this 
engine to drive a Carnot refrigerating machine as indicated in Fig. 370. 
This engine, /, since it has a greater efficiency than E, Fig. 369, would 
convert into work a greater fraction of the heat that it abstracts from H. 
Hence, for each heat which E, abstracts from H, there would be converted 
into work more than Ty — Tc/Ty heat units and there would be rejected 
to C less than Tc/Tu heat units. Also, since this engine, Fi, supplies 
more energy for driving & than did £, Fig. 369, it will enable R to with- 
draw from C more heat units than did H—more than Tco/Ta heat units. 
Thus R, Fig. 369, will reject to H the sum of the heat which it abstracts 
from C + the heat which it receives as mechanical energy from EF, = 
(more than Tc/Tx) + (more than Tx — To/Tx) = more than 1 heat unit. 
Thus, with the arrangement of Fig. 370 more heat would be abstracted 
from C by R than is rejected to C by E,, and more heat would be rejected 
to H by & than is abstracted from H by E;. Hence, the net effect of the 
arrangement would be a steady flow of heat from C to H. But no energy 
bas been assumed to be supplied from the outside to the arrangement of 
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Fig. 370 in order to cause the heat to flow from the cold body C to the 
hot body H. Hence it is obvious that the arrangement would be one 
which transfers heat from a body of low temperature to a body of higher 
temperature without the expenditure of energy from without. 

The whole arrangement might be considered as a refrigerating machine 
which operated with zero input. Since such an apparatus is inconceivable 
and in violation of the second law of thermodynamics (Sec. 84), it follows 
that there must have been a fallacy somewhere in the above assumptions. 
The fallacy lies in the assump- 
tion of a heat engine of greater 
efficiency than the Carnot 
engine. Hence, no heat engine 
can have a greater efficiency than 
a Carnot engine operated with 
the same hot and cold bodies. 


417. The Rankine Cycle 
Is The Standard For Vapor 
Heat Engines; that is, it is 
> theoretical cycle which Fic. 370.—Imaginary arrangement similar 
can much more nearly be to that of Fig. 369 but having the Carnot 
attained in actual practice ~iHawstng mechne tre Oy Chast 
than could a Carnot cycle. _ this were possible). 

In the Carnot cycle the 

heating and cooling of the working substance must be 
effected within one cylinder (as explained in Sec. 412). A 
cylinder could not, however, be made of non-heat-conduct- 
ing material—hence a great deal of heat would be used 
in heating the cylinder. Furthermore, isothermal heating 
and cooling would, in general, be difficult to effect. With 
the Rankine cycle, however, the heating and cooling of the 
working substance can be effected in vessels which are inde- 
pendent of the cylinder or machine wherein the transformation 
of heat energy into mechanical energy is effected. The 
Rankine cycle is explained below. As will be shown, its 
efficiency is always less than that of the Carnot cycle between 


the same hot and cold bodies. 


Vb | 
||-/ore Than One 
Heat Unit Per Hour 

Theoretical Carnot 
‘ Refrigerating 
' Machine _ 


Engine More 
Ef ficient Than 
Carnot 


More Than & 
ae Heat Units Per Hour: 
H 


Tae 
<—* J 


Less Thane Hegt Units Per Hour 


ExpLANATIon.—The actual steam power plant (Fig. 371) consists of a 
boiler, B, wherein water is heated and evaporated at constant pressure; 
a pipe to lead the steam from the boiler to the engine (or turbine), H; the 
engine (or turbine), H, wherein the steam is permitted to expand; a con- 
denser, C, to which the steam is exhausted from # and in which the steam 
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is condensed; and a feed pump, P, which forces the water into the boiler 
to begin a new cycle. Under ideal conditions, the processes which the 
water undergoes in this plant constitute the Rankine cycle. The ideal 
conditions are these: The steam, in passing from B to E, should undergo 
no loss of heat or pressure. The expansion of the steam in # should be 

isentropic (Sec. 385) and should con- 


8 == tinue until the pressure of the steam 
ic ‘Steam To Engine is reduced to the pressure within the 
$$ Engin 

s ei Z condenser, C. Thesteam should be 
2 conveyed from H to C without loss 
8; of pressure. The condensed steam 


should leave C and enter B at the 

. temperature of the boiling point cor- 

go responding to the pressure in C. 

; ewes Because of heat conduction into and 

' through confining metal walls and 

because of friction of the steam on 

Fia. 371.—A simple steam power plant. the walls of pipes, the actual engine 

does not fulfill these ideal condi- 

tions (sometimes, also, the expansion in EH is stopped before the pressure 
reaches that of the condenser, see Sec. 420). 

ExpLANATION.—Tue Rankine Cycie For Tue Puant Or Fie. 371 
May Br Picrurep On Tur PrEssURE-VOLUME PLANE by the diagram 
BDEF, Fig. 372. In this diagram, AD represents the volume of a given 
weight of steam as it leaves the boiler (or superheater) and AB represents 
its volume as it enters the boiler. Hence, BD represents the evaporation 
of the water (and superheating if the steam is superheated at D) in the 
boiler. Also, the area under the line BD represents the external work 
done in the boiler. DE represents the isentropic expansion of the steam 
within the engine cylinder or within the 
turbine; hence the area under DE repre- 
sents the work done by the steam during 


BaD tt inttahr Pressure 
constant. Pressure 


| 
errr tearing oe 


its expansion. Since GH represents the ~ woeee HH 
volume of the steam as it enters the = oP -‘Isentropic +H 
condenser and GF represents the volume 2 t Hee “Heh HH 
of the water as it leaves the condenser, af Goce: Le 
EF represents the condensation of the ete 


steam in the condenser. Hence, the area San 
under HF represents the external work Fr enh 
aay 4 1a. 372.—Typical pressure-volume 
done on the steam as it is forced into diagram for the Rankine cycle, 
the condenser at constant pressure. The 
.line FB represents increase in pressure that is effected in the feed 
pump (P, Fig. 372). Since water is practically incompressible, it 
may be said that no external work is done on the water as its 
pressure is increased in the feed pump. Hence, considering the 
entire cycle, the net work = (area under BD) + (nee under DE) — 
(area under EF) = area BDEF. 
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ExpLANATION.—THE TEMPERATURE-ENTROPY Diacram Or Tuer Ran- 
KINE Cyciy For Tue Puant Or Fia. 371 will appear as shown in Fig. 
373—it will appear as shown in J, JJ, or IJI, depending on the condition 
of the steam as it leaves the boiler. The heat added in the boiler is 
represented by the area B’BDD’. The heat rejected by the condenser 
is represented by the area B’BED’. ‘The difference between the two 
areas, that is the shaded area, represents the heat which is converted into 
work, 


5 Absolute Temperature 


I-Vapor Saturated -Vapor Slightly Sup- l-Vapor Highly Super- 
At D erheated At D heated At D 


Fre. 373.—Typical temperature-entropy diagrams for the Rankine cycle. The 
letters correspond to those used on Fig. 372. Note that the diagram may have 
three distinct shapes. 


418. The Indicator Diagram Of A Steam Engine Is Not The 
Pressure-volume Diagram Of Its Cycle.—Since the quantity 
of steam in a steam-engine cylinder changes from time to time, 
the steam does not perform a true cycle (Sec. 402) within the 
cylinder. The true cycle can only be analyzed by considering 
the entire plant as was done above. The steam performs 
a portion of its cycle in the cylinder, however, and the pseudo- 
cycle of the steam-engine cylinder can be represented by a 
pressure-volume diagram. When such a diagram is obtained 
by a recording pressure gage (an indicator, Sec. 685), the 
diagram is called an indicator diagram. 

Nors.—Tue THeoretican Inpicator Diagram For THE RANKINE- 
Cyciz Enerne (Fig. 374) may be drawn from values in the steam table. 
If the cylinder had no clearance volume (Sec. 245), the theoretical indi- 
cator diagram for the Rankine-cycle engine would appear as shown at 
ADEG, Fig. 372, in which the volume GE would then represent the dis- 


placement volume of the cylinder (Sec. 245). AD represents the admis- 
sion of steam from the boiler. DE represents the erpansion of the steam 
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after the supply from the boiler has been cut off. EG represents the 
exhausting of the steam into the condenser. An engine cylinder with 
clearance would, however, perform the 
ener ance OUTS same functions just as well as one without 
clearance, provided that, on the exhaust 
stroke, enough steam were retained in 
the cylinder so that adiabatic compression 
of this steam into the clearence volume 
would return this steam to the same 
pressure and quality or superheat as the 
incoming steam from the boiler. The 
diagram from such a cylinder would appear 
as shown in Fig. 374. The line AB repre- 
Fia. 374.—Theoretical Rankine- sents the volume of steam admitted to 
cycle indicator diagram for an the cylinder; CD represents the volume 
engine ath iolearaace: of steam exhausted to the condenser. 


Pressure 


419. The Thermal Efficiency Of The Rankine Cycle may be 
computed by the formula given below. This efficiency (Sec. 
417) is always less than that of the Carnot cycle between the 
same hot and cold bodies. Since the Rankine cycle is a 
theoretical cycle, no vapor engine actually has an efficiency 
as high as that given by the following formula. But, since 
the Rankine cycle is the one which is closely followed by vapor 
engines, the efficiency value as found by For. (299) serves as 
standard or ultimate goal in the performance of any given 
engine. The formula is stated here and is derived below: 


(299) . £ => (decimal) 


Wherein: E = the thermal efficiency of the Rankine cycle, 
expressed decimally, H; = total heat of the vapor leaving the 
boiler (Sec. 365), in British thermal units per pound. Hy, = the 
total heat of the vapor after isentropic expansion (Sec. 385) 
to the pressure of the condenser, in British thermal units per 
pound. he = the heat of the liquid at the temperature of con- 
densation, in British thermal units per pound. 


DERIVATION.—Since, by definition (Sec. 404) the thermal efficiency of 
a heat engine = (work done) + (heat added), the efficiency may be read 
from Fig. 373. In Fig. 3873, work done = area BKDE; and heat 
added = B/BKDD’. Hence, 
(300) Area BEDE 


= Grea BBRDD! (decimal) 
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Now, area OJKDD’ = Hi; area OJBED’ = Ho; and, area OJ BB’ = hz. 
Also, 

(301) Area BEDE = (area OJ K DD’) — (area OJ BED’) (area) 
or, by substitution, 

(302) Area BEDE = H, — Hz (area) 
Likewise, 

(303) Area B’BK DD’ = (area OJKDD') — (area OJ BB’) (area) 
or, by substitution, 

(304) Area B'BK DD’ = H, — hz (area) 
Hence, by substituting from (302) and (304) into (300), there results: 


eee 
eH) ie ie hs 


(decimal) 


which is the same as For. (299). 


ExamMPLe.—What would be the Rankine-cycle efficiency for a steam 
power plant in which the boiler delivers steam, of 95 per cent. quality, 
to the prime mover at 125 lb. per sq. in. abs. and in which the condenser 
pressure is 2 lb. per sq. in. abs.? Sonturron.—From the heat-entropy 
chart of Fig. 348, H, = 1,147 and He = 888 B.t.u. per lb. Also, from 
Steam Table 394, h, = 94 B.t.u. per lb. Hence, by For. (299), the 
efficiency = E = (Hi — H2)/(Hi — hy) = (1,147 — 888) + (1,147 — 94) 
= 0.246, or 24.6 per cent. 

Exampie.— What would be the efficiency of a Carnot cycle between the 
same temperatures as the preceding example? Sotution.—From the 
steam table, the temperature of the steam leaving the boiler = 344.4° F., 
and the temperature of condensation = 126.15° F. Hence, by For. 
(292), the Carnot efficiency = E = (Ta — Tc)/Ta = (844.4 — 126.15) + 
(344.4 + 460) = 0.272, or 27.2 per cent. 


420. The “Theoretical Steam-engine Cycle” (Fig. 375) 
differs from the Rankine cycle for several reasons: (1) In actual 
engines the steam is hardly ever expanded until the pressure 
within the cylinder reaches the condenser pressure because this 
would necessitate a very large cylinder volume and such a 
large volume would occasion large frictional and thermal losses 
which would overbalance the additional work which would be 
obtained by the continued expansion to condenser pressure. 
Thus, in actual engines, the work area GCH, Fig. 375, is 
intentionally not used or is “lost.”” The maximum loss from this 
source occurs in the non-expansive engine, (Figs. 359 and 360) 
in which the steam is released from the cylinder at practically 
supply pressure. (2) For the same reasons as in (1) and to 
provide smoother operation, the compression of the steam 
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(after the exhaust valve is closed) is hardly ever carried to 

boiler pressure. Compression is begun later in the stroke than 

shown in Fig. 374—more as shown 

y Clearance Volume A 3 A 

rr displacement Volume at DE, Fig. 375. The incoming 

steam must therefore help to fill 

the clearance volume—this entails 

! a loss as shown by the area HAF, 

Po] expansk Fig. 375, which is also usually 

aa keh intentional. Hence, the indicator 

sasueeenasn ries diagram FBGHDE, Fig. 375, repre- 

Volume ° . 

sents the theoretical steam-engine 

Fie. 375.—Theoretical steam- A A 

engine indicator diagram showing pseudo-cycle. This eycle is some- 

losses due to incomplete expansion times called the modified Rankine 
and late compression z a 

cycle. It is not convenient to draw 

either the pressure-volume or the temperature-entropy dia- 

grams of the true steam-engine cycle. 


Pressure 


Nore.—Tup Actuat STEAM-ENGINE INDIcAToR D1acRam differs from 
the theoretical because of unavoidable losses, the principal losses being: 

(1) Loss due to steam friction as the steam flows through the supply and 
exhaust pipes and through the valves of the engine. 

(2) Loss due to heat absorbed and liberated by the metal cylinder and 
piston. The parts of the engine with which the steam contacts will tend 
to follow and attain the temperature of 


0 ‘ Clearance Volume 
the steam. Certain parts of the engine, ‘ 


3 » Displacernent 


the valves and pipes, will always be in — ¢sk---voume------> 
contact with steam at practically the AGAR eS OT 
same temperature—hence, after the engine » eB Laresuey Lee 
has been operating for a short while, these S[k pete “cycle| 
parts will no longer absorb heat from the $UW1 biggram p ieee ne 
steam. The piston and cylinder, however, ° : i 

are exposed to the steam as it expands— oc ale as 
hence, as the steam-temperature rises and Conaenser Pressure! 
falls, the temperature of the walls will tend ~ Volume 


to rise and fall too. When steam from yg 376—A typical steam- 
the boiler enters the cylinder, it will give engine indicator diagram super- 
up a portion of its heat to the cylinder imposed on a theoretical Rankine- 
walls and piston. After the steam has C¥*le disetam to show where the 
expanded somewhat, its temperature will asia concen Bes 
be less than that of the walls and it will then absorb the heat from them. 
Thus there is a continual interchange of heat between the steam and the 
cylinder and piston. ‘This heat interchange occasions a loss of energy. 
(3) Loss due to radiation. The steam is, from the time it leaves the 
boiler until it is exhausted by the engine, within bodies which cannot be 
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well enough insulated to prevent the flow of heat through them. A small 
amount of heat is lost in this way. The sum of the losses due to the 
above causes and due to the difference between the theoretical steam- 
engine cycle and the Rankine-cycle is shown by the shaded area on Fig. 
376. 


421. Steam Engines May Be Operated As Air Engines if they 
are supplied with air under pressure instead of with steam. 
The theoretical indicator diagram for an air engine appears 
almost the same as shown in Fig. 375, the chief difference 
being that the expansion line BG has a slightly different slope. 
Such air engines are not generally suitable for power purposes 
because of the difficulty of supplying compressed air. For 
certain uses, however, such as portable tools, air engines are 
extensively used. They have the advantage that they may be 
supplied with air from a compressor at a great distance without 
very large loss through the piping (in cases where much steam 
would condense). 


Norr.—Srrictty, Tuesze Arr Eneines Are Nor Heat ENGINES 
because, with them, the heat energy which is supplied them does not come 
from a natural source of heat but from mechanical energy expended in 
compressing the air. Air engines have been built which were supplied 
with heat from a natural source (a fuel) but they have lately been 
replaced by internal-combustion engines (following sections) 


422. The Otto Cycle, so called, is a pseudo-cycle which is 
employed in most of the present internal-combustion engines. 
It was devised in 1862 as a cycle the operations of which were 
to be carried out in four strokes of a piston within a cylinder 
as explained below. It has since been applied to engines 
wherein two of the four processes are performed simultaneously 
as explained in Sec. 539. Until the invention of the Diesel 
engine (Sec. 547), the Otto cycle provided the most efficient 
internal-combustion engine known. 


EXPLANATION.—THE THEORETICAL PRESSURE-VOLUME (OR INDICA- 
Tor) DiacraM Or THE Otto Cyc tz is shown in Fig. 377. AB represents 
the suction stroke during which a charge of combustible gas and air is 
drawn into the cylinder at atmospheric pressure. BC represents the 
compression of the charge (adiabatically) into the clearance volume. At 
C the charge is ignited by a spark causing an explosion or constant- 
volume heating CD. The heated gases then expand adiabatically, fore- 
ing the piston away from the closed end of the cylinder—process DE. 
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A valve then opens the cylinder to the atmosphere and permits the gases 
to escape—process EB. The piston is then moved toward the closes 
end of the cylinder and forces the greater portion of the remaining gases 
into the atmosphere through the open exhaust valve—process BA. The 
cycle is thus completed. For two strokes of the piston, AB and BA, 
the pressure on the piston is atmospheric. Hence the work done by the 

piston in exhausting the gases is balanced 


Clearance Displacernent : 
eVaument=-= Voltine “7 $50 by the work done on the piston by the 


incoming gases during suction—the net 
© work for these two strokes 1s zero. 
: cor EAS During the compression stroke, BC, the 

TT) Al : 

ie eating von piston does work on the gases as repre- 
ot EEA sented by the area under BC. During 
© CK its the expansion stroke the gases do work 
& |Compression ay on the piston as represented by the area 
it ca A — rs under DE. Processes CD and EB, since 


: they are constant-volume processes, 
Fic. 377.—Typical pressure- 
Solarian: Geisnd calonedavermmel (CO ena work. Hence, the net work 
the theoretical Otto cycle. of the cycle is the difference between that 
done during the expansion and compres- 
sion strokes, or as represented by the area BCDE. The actual construc- 
tion and operation of Otto-cycle engines will be explained in Div. 16. 
From the standpoint of heat added and work done, the cycle is the 
same, as can be shown, as if the gas were heated and cooled within the 
cylinder so as to produce the effects CD and EB. Hence, the pseudo- 
cycle is exactly equivalent to a true cycle which would be represented 
by the same pressure-volume diagram (Fig. 377 Ne 


423. The Thermal Efficiency Of The Theoretical Otto Cycle 
may readily be computed from the energy relations given in 
Div. 8. The net work of the cycle is the differents between the 
work done during the two adiabatic processes. The heat is 
added only along the process CD (Fig. 377). By writing the 
energy relations for these processes, it may be found that the 
efficiency of the cycle is given by the following formulas: 


(306) E=1 -. =l]- 2. (decimal) 
D 
V\k-1 
(307) ES 7) (decimal) 
k—-1 
Ps\ * 
0 E=1—-— (= i 
(308) 1 ) (decimal) 


Wherein: E = the thermal efficiency of the cycle, expressed 
decimally. T = absolute temperature, in any unit, V = 
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volume, in any unit. P = absolute pressure, in any unit. 
The subscripts denote points of Fig. 377. Thus, Tz = the 
absolute temperature of the gas at B, Fig.377. k = the ratio 
of the specific heats of the gases (Cp/Cy) and is generally taken 
as 1.4, 


ExAmpLte.—What is the theoretical efficiency of an Otto-cycle gas 
engine if the gas is compressed to 90 lb. per sq. in. abs. when explosion 
occurs? (Take k = 1.4.) Sonurron.—By For. (308), the efficiency = 

k= 14-1 


E=1—(Ps/Pc) © =1— (14.7 +90) 14 = 0,404, or 40.4 per 
cent. 


424, The Diesel Cycle, so called, is a pseudo-cycle of recent 
invention upon which internal-combustion engines can be 
made to operate and which gives higher efficiencies than does 
the Otto cycle. The Diesel engine is particularly adapted 
to the combustion of heavy oils. It is a four-stroke cycle like 
the Otto but differs in the method of introducing and igniting 
the fuel. The operation and construction of commercial 
Diesel-cycle engines is explained in Sec. 547. An explanation 
of the cycle is given below. 


EXPLANATION.—THE THEORETICAL PRESSURE-VOLUME OR  INDI- 
CATOR DiacRAM Or Tue Diese Cycue is shown in Fig. 378. Line AB 
represents the suction stroke during 
which atmospheric air is drawn into the 
cylinder. Line BC represents the adia- 
batic compression of this air into the 
small clearance volume. The tempera- 
ture of the air at C, where the pressure 
is about 500 lb. per sq. in., is very high. 
Oil is then forced into the cylinder and, 
due to the high temperature of the air, 
immediately ignites and burns. The — L 
shape, on the pressure-volume diagram, Species aie Saag it. 
of the line which represents the burning Big S75 a Prcarerclnne ot 
of the oil depends on the rates of oil indicator diagram of the theoretical 
admission and piston movement. The Diesel engine. 
process may be (1) one of constant 
pressure, as CZ, (2) one of constant pressure and constant temperature, 
as CDF, or (3) one of constant temperature throughout the entire 
burning, as CG (see Fig. 485 for actual Diesel-engine indicator dia- 
gram). After the oil admission is stopped, as at H, F, or G, Fig. 378, 
the burned gases are allowed to expand adiabatically to H where an 

26 
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exhaust valve is opened and the pressure immediately drops to atmos- 
pheric. On the return stroke of the piston the burned gases are exhausted 
to the atmosphere—process BA—and the engine is then ready to begin 
another cycle. As with all cycles, the net work is represented by the area 
enclosed by the lines of the pressure-volume diagram. 


425. The Thermal Efficiency Of The Theoretical Diesel 
Cycle may be computed by applying the energy-relation 
formulas for gases as given in Div. 8. The efficiency depends 
on the pressures, volumes, and temperatures of the gases at 
different points during the cycle and on the nature of the burn- 
ing process; that is, whether the oil is burned at constant pres- 
sure, constant temperature, or in some intermediate manner. 


For constant-pressure burning, the efficiency can be shown to 
be: 


(309) E=1 


_ 1(Ta = 10) 
kK\T, — Te 
Wherein: E = the thermal efficiency of the cycle, expressed 
decimally. k = the ratio of the specific heats of the gases 
(Cp/Cy) and is generally taken as 1.4. Tu, Ts, Tz, and Te = 
respectively the absolute temperatures of the gases at points 
H, B, E, and C (Fig. 378), in any unit provided all are in the 

same unit. 


(decimal) 


Examp_e.—lIf the temperatures at points B, C, H, and H (Fig. 378) are, 
respectively, 130, 1,160, 2,980, and 1,180° F., what is the theoretical eff- 
ciency of the cycle? (Take k = 1.4). Soturton.—By For. (809), the 
efficiency =] —[(1/k) x (Ty = Ts)/(Tz — To)] =] —[( aan 1.4) x 
(1,180 — 130) + (2,980 — 1,160)] = 0.549, or 54.9 per cent. 


426. All Compressors (Fig. 379) operate on a pseudo-cycle 
which is explained below andinsucceeding sections. Although 
this pseudo-cycle is generally called the air-compressor cycle, 
it is actually the cycle of all gas and vapor compressors. 
A compressor, in general, is a machine by which a gaseous 
substance is transferred from a vessel of low pressure to one of 
higher pressure. A compressor is an essential part of practi- 
cally every refrigerating machine. 


EXPLANATION.—OPERATION Or A Compressor WitH No CLEARANCE. 
—Consider first a cylinder and piston so constructed as to have no clear- 
ance volume (Sec. 245). Starting with the piston against the cylinder 
head, let the piston be drawn away from the head while a valve (in the 
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head) is open. Air (or some other gaseous substance) will be drawn into 
the cylinder through the open valve. Assume that the air (or gas) is 
drawn from a large vessel so that the pressure is constant during the 
time that the air is drawn into the cylinder. This process may be repre- 
sented by the line AB (Fig. 380). Let the valve through which the air 
entered be then closed and let the piston be moved back toward the cylin- 
der head. The gas will be compressed. If no heat is added to or 

abstracted from the air, the compres- 


Exhaust > A : x 5 
Air Outlet To Valve ey sion will be adiabatic, BC Fig. 380, and 
es SPFING _.. «Spring the temperature will rise. When the 


pressure in the cylinder becomes equal 
to that in the vessel into which the 
air is to be transferred, let another 
valve be opened so that further move- 
ment of the piston toward the head 
will expel the air from the cylinder 
into the high-pressure vessel. If 
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Fie. 379—A simple air com- Fie. 380.—Pressure-volume dia- 
pressor. Water, W, must be circu- gram for theoretical air compressor 
lated around the cylinder to keep with zero clearance and adiabatic 
it cool. compression. 


the vessel is large, the pressure during this discharge will remain prac- 
tically constant as at CD, Fig. 380. As soon as the piston is again moved 
from the head, it will draw in a new charge of air from the low-pressure 
vessel and thus begin a new cycle. Before a new charge can be drawn 
in, however, the pressure in the cylinder will fall to that of the lower-pres- 
sure vessel—process DA, Fig. 380. 


427. All Actual Compressors Have Clearance.—Since it 
is infeasible, practically, to attempt the construction of a 
compressor without some linear distance between the cylinder 
end and the piston when it is at the end of its stroke, all 
actual compressors must be somewhat different in their 
operation from that described in Sec. 426. 


EXpLANATION.—OPERATION Or A Compressor WiTH CLEARANCE.— 
A certain volume of air, GF Fig. 381, will because of, the clearance, 
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remain within the cylinder at the end of the discharge process. Then, 
if the valve connecting the cylinder with the low-pressure vessel were 
immediately opened, this air would flow into the low-pressure vessel. 
It is better to keep the valve closed and permit the high-pressure air in 
the clearance volume (at F, Fig. 381) to 
y Cearance Volume di adiabatioall hen Lh ind 

->ie-Displacement Volume--->| expand adiabatically within the cylinder 
until its pressure is reduced to that of 


© 1-4- Discharge 

% FYED! HH CT! the low-pressure vessel, FA Fig. 381. 
© Ve | isothermal If the valve to the low-pressure vessel is 
3 < Polytropicsn=h 25 then opened, air will be drawn into the 
BEN <-Adiabatict tt cylinder for the remainder of the piston’s 
© Bi i+ stroke. Thus, a volume of air AB, which 
oH area Cas is less than the displacement volume 


“yolume 6 | (Sec. 245), is drawn into the cylinder. 

t<Low-Pressure Capacity> The volume AB, Fig. 381, is called the 

Fic. 381.—Theoretical indicator low-pressure capacity of the compressor. 

leds for air-compressor with ence, to transfer the same weight of 

: air per cycle, volume AB, Fig. 381, must 

equal volume AB, Fig. 378, or—the displacement volume must be 
greater for the compressor with clearance. 


428. The Volumetric Efficiency Of A Compressor may be 
defined as the ratio of the low-pressure capacity (Sec. 427) 
to the displacement volume. Expressed as a formula: 


Low-pressure capacity 
Displacement volume 
(decimal) 


Examp.e.—lIf, in Fig. 381, the length AB = 1 in. and the displacement 
volume is represented by 1.2 in., what is the volumetric efficiency of the 
compressor? Sotution.—By For. (810), the Volumetric efficiency = 
(Low-pressure capacity) /(Displacement volume) = 1.0 + 1.2 = 0.833, or 
83.3 per cent? 


429. The Work Required To Operate A Compressor Is 
Independent Of The Clearance Of The Compressor—that 
is, for a given weight of air, the same pressures, and the 
same kind of compression (see below), the work required is 
the same for a compressor with clearance as for one without 
clearance. The work is represented by the areas ABCD 
Fig. 380 and ABCF Fig. 381. The work done on the air, 
in either case, remains within the discharged air as heat energy. 


(310) Volumetric efficiency = 


EXPLANATION.—TuE Errect Or TH Compression Curve On THE 
Work Or A Compressor will now be analyzed. In many instances the 
discharged air is stored for a long time or piped a great distance before 
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it is employed. When this is done, the air generally is cooled and very 
frequently it is cooled to the temperatue of the low-pressure vessel. 
When this occurs, the volume of high-pressure air is decreased from FC, 
Fig. 381, to FE. That is, for every FC cu. ft. delivered by the com- 
pressor, only FZ cu. ft. appear where the air is being used. This natur- 
ally raises a question as to whether it would not be better to compress the 
air isothermally instead of adiabatically. If, in Fig. 381, the compression 
were isothermal, BE, instead of adiabatic, BC, the work area of the cycle 
would be ABEF instead of ABCF. Hence, much less work would be 
required if the compression were isothermal. To secure isothermal com- 
pression, however, heat must be abstracted from the air, during the com- 
pression, as fast as work is done on the air. ‘The customary way of 
abstracting heat is by jacketing the compressor cylinder with flowing 
water (W Fig. 379). By so doing, however, enough heat cannot, in 
practical machines, be abstracted to produce isothermal compression. 
The general result is a polytropic com- 
pression (Sec. 273) about as shown by 
BD, Fig. 381. The saving due to the 
water jacket is therefore the area DCB. 
Norr.—Actuat Compressor Dt1a- 
@rAMS Dirrer From Tum THEORETICAL 
(Fig. 382). Since actual compressors are 
generally made with valves, V (Fig. 379) 
which are automatically opened and 
closed by the differences of pressure on Fic. 382.—Typical air-compressor 
their two sides (Fig. 379), and since these indicator diagram. 
valves must be fitted with springs to in- 
sure their rapid closure, the pressure of the air within the cylinder during 
the suction stroke (AB, Fig. 381) will always be less than that of the low- 
pressure vessel and the pressure within the cylinder during discharge will 
always be greater than that of the high-pressure vessel (see Fig. 382). 
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430. Compound, Or Staged, Compressors are those in which 
the gaseous substance passes through more than one cylinder 
in having its pressure raised from that of the low-pressure vessel 
to that of the high-pressure vessel. When the ratio of pres- 
sures (absolute discharge pressure + absolute supply pressure) 
of a compressor is greater than 6, compressors are generally 
made compound. That is, the gas is first compressed in one 
cylinder to some pressure intermediate between discharge 
and supply pressures, is then cooled in a suitable vessel called 
an intercooler, and is then further compressed in a second 
compressor cylinder. Sometimes a second intercooler and a 
third compressor cylinder are employed—the compressor is 
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then termed three stage. A compressor which employs two 
cylinders and one intercooler is termed two-stage. A two-stage 
compressor is shown in Fig. 483. The object of compounding 
compressors is two-fold: (1) The volumetric efficiency of com- 
pounded compressors is greater than that of single-stage com- 
pressors. (2) Compounded compressors require less work for 
delivering a given quantity of gas (or vapor) between given pres- 
sures than do single-stage compressors. See explanation below. 

EXPLANATION.—THE THEORETICAL INDIcATOR DiacRaAm For A 
SinGLE-sTAGE Compressor without clearance is shown in Fig. 383 by 
AFPL. If the compression could be made isothermal it would be repre- 
sented by PD and the saving in work over polytropic compression would 
be represented by the area DFP. If two-stage compression is desired, 
however, the polytropic compression 


would be stopped at a point K, and 
A}; the compressed substance would be dis- 
wilt charged (KG) at this pressure into an 
3 intercooler. Here the substance would 
8 be cooled to the temperature which it 
a had when at P. Hence, when the sub- 
“ stance is drawn into the high-pressure 


cylinder, its volume would be only GJ. 
When further compressed, the compres- 
Fia, 383.—Theoretical indica-~ sign will again be polytropic and will be 
tor diagram showing benefits of 
peinpodhd Sembreaee represented by JE. The temperature of 
the substance at E will be less than at F 
with single-stage compression, The work done in the high-pressure 
or second-stage cylinder is represented by the area AEJG. That done 
in the low-pressure or first-stage cylinder is represented by the area 
GKPL. Hence, a saving in work is effected by compounding as is repre- 
sented by the area HF KJ (shaded). 


431. Concerning Volumetric Efficiencies Of Compound 
Compressors: Assume that the single-stage compressor can be 
made with a clearance volume as small as AC (Fig. 383). 
The substance compressed in this volume will expand along 
CN. The low-pressure capacity will then be NP. Now, the 
same cylinder, if used as the low-pressure cylinder of the two- 
stage compressor would have a clearance expansion line HM 
and a correspondingly large low-pressure capacity MP. 
The high-pressure cylinder, being of much smaller size than 
the low-pressure cylinder can be constructed with a propor- 
tionally smaller clearance volume, AB. Besides requiring 
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less work and having greater volumetric efficiencies than 
single-stage compressors, compounded compressors generally 
have higher mechanical efficiencies and suffer less leakage past 
the pistons. 

Norr.—Tue Prorrr IntTercooter Pressurrs For Compounp 

Compressors, when intercooling reduces the temperature of the com- 
pressed gas to that at which the gas enters the first stage, are such that the 
ratio of pressures is the same for each of the several cylinders. Hence, 
for a two-stage compressor: 
(311) P = ~VP:P, (pressure) 
Wherein: P = absolute pressure in intercooler. P, and P: = respec- 
tively, the absolute suction and delivery pressures. All pressures must 
be measured in the same units. 


432. A Practical Refrigerating-machine Cycle, In Which 
The Working Substance Is Gaseous Throughout The Cycle, 
is explained below. Because air, being the most easily 
obtained gas, is generally used in this cycle, it is usually 
spoken of as the cycle of the air refrigerating machine. 

EXxPLANATION.—The apparatus of an air refrigerating machine is shown 


in Fig. 384. The compressor, C, delivers air through a cooling coil, D, 
wherein the air is cooled by circulating water, to the lowest possible tem- 
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Fia. 384.—Typical equipment for a low-pressure air refrigerating machine. 


perature. From D the air passes to an air engine, H, usually called an 
expander, where the air does work on a piston and simultaneously has its 
temperature reduced. The work done by the expanding air in His utilized 
to drive the compressor; but, since it is insufficient for this purpose, must 
be complemented by a from an external source such as the motor, M. 
The expanded air from E passes through an exhaust pipe A into the refrig- 
erated space R. After being warmed by the absorption of heat in R, the 
air is withdrawn at B and reenters C for a new cycle. ‘The pressure of 
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the air in R must, for practical reasons, be atmospheric. Although this 
method is quite practical, it requires a compressor and expander of very 
large cubical capacity. A slight modification permits the use of much 
smaller compressor and expander. Openings A and B (Fig. 384) are 
generally connected to a pipe coil—a cooling coil—of large external area. 
The apparatus is then so operated in starting that the air in this coil is 
compressed to a moderate pressure. The refrigerating cycle is then the 
same as above described except that the air is, at all points, under much 
greater pressure and hence has a much greater density. This apparatus 
is called a dense-air refrigerating machine (Fig. 566). 
EXPLANATION.—THE PRESSURE-VOLUME RELATIONS (InDIcATOR D1A- 
Grams) Or Tur Gas REFRIGERATING-MACHINE cycle are shown in Fig. 
385. Clearances are neglected. FD represents the suction stroke of 
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Fia. 385.—Theoretical indicator Fig, 386.—Temperature-entropy 
diagram of a gas _ refrigerating- diagram (not to scale) of the air- 
machine cycle. refrigerating-machine cycle; Figs. 
384 and 385. 


the compressor, DC the compression stroke, and CA the discharge 
stroke. AB represents the admission stroke of the expander, BE the 
expansion stroke, and HF the exhaust stroke. Hence, area ACDF 
represents the work required to drive the compressor and area AB 
EF represents the work done by the expander. ‘The difference, or BCDE 
represents the work which must be supplied from an external source 
(M in Fig. 384). The cycle is, in effect, the same as if the air were com- 
pressed in C (Fig. 384), cooled in D, expanded in H, and heated in R as 
shown by the diagram DCBE (Fig. 385). This is actually the true cycle 
(Sec. 402). 

ExpLANATION.—THE TEMPERATURE-BNTROPY D1acrRaM Or TuE TRUE 
Gas REFRIGERATING-MACHINE CycLH is shown in Fig. 386. The 
heat abstracted from the ‘‘cold body”’ is represented by the area E’/HDD’. 
The heat equivalent of the net work of the cycle is represented by the 
area BCDE. ‘The heat rejected to the “hot body” is represented by the 
area H’BCDD’. 


433. The Vapor-refrigerating-machine” Cycle is that which 
is employed in most practical refrigerating plants (see Div. 
18). In this cycle the working substance is made to undergo 
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changes of state—it is liquid at certain times and gaseous 
(vapor) at other times. Because of the large latent heat of 
vaporization of certain liquids which are used, the machines 
employed in this cycle can be made much smaller for a given 
service than could gas refrigerating-machines. The cycle is 
explained below. The actual machines and processes are 
described more fully in Div. 18. 


ExpLANATION.—A simple vapor refrigerating plant is illustrated in 
Fig. 387. Assume the compressor, C, to be supplied with ammonia 
vapor at a low temperature and pressure. The vapor will leave the 
compressor at a higher temperature and pressure. Let the pressure be 
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Fia. 387.—A simple vapor refrigerating plant. 


high enough that the corresponding boiling point is higher than the tem- 
perature of water from some nearby natural source such as a stream or 
a well. If this water is passed over the pipes through which the com- 
pressure discharges, as in the condenser B, the vapor inside the pipes will 
be cooled by the water to its boiling point and will also be condensed. 
If enough water is supplied to B, the condensed vapor will be cooled below 
its boiling point. The pressure in the coils of B will remain constant 
because more hot vapor is supplied by the compressor as fast as the 
vapor in the coils is condensed and permitted to flow from the coils 
through the valve V. From V, the working substance is permitted to 
flow into coils H where a low pressure is maintained. In passing through 
YV, therefore, the warm liquid suffers a throttling expansion (Sec. 387) 
and enters EH as a very wet vapor at low pressure. The temperature of 
the wet vapor is very low because of its low pressure. Heat will pass 
through the coils Z to the vapor inside and will cause vaporization of the 
liquid portion of the ypor. Heat will thus be absorbed by the vapor 
from the room R. Until the vapor becomes dry, its temperature will 
remain constant, because the pressure in the coils is maintained constant, 
as explained below. Should the vapor he nermitted to remain within 
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the coil E after it is completely vaporized, it may become superheated. 
The pressure in the coil is maintained constant by removing vapor with 
the compressor C as fast as it is admitted through V and is vaporized. 
The vapor that is removed by C is compressed and repeats its passage 
through the system. 

EXPLANATION.—THE PRESSURE-VOLUME DracRAM OF THE VAPOR- 
REFRIGERATING-MACHINE Cycue (Fig. 388) is very similar to that of the 
theoretical Rankine cycle (Fig. 372). 
If C (Fig. 388) represents the pressure 
and volume of a given weight of vapor as 
it enters the compressor, C, Fig. 387, 
then CD represents its compression in 
the compressor, DA represents its con- 
densation in the condenser, AB represents 
the reduction of pressure and increase in 
volume as the vapor passes through the 
Fia. 388.—Pressure-volume diagram ¢Xpansion valve, V, Fig. 387, and BC 

of the vapor refrigerating cycle. represents the vaporization of the liquid 

in the expansion coil, H, Fig. 387. 
Since the process AB (Fig. 388) is a throttling expansion, the area 
under AB does not represent work done and the area ABCD does not 
represent the net work of the cycle. The net work may, however, be 
found from the indicator diagram of the compressor which will appear 
as shown in Fig. 381. 

ExpLANATION.—THE 'TEMPERATURE-ENTROPY Dr1aGRAM Or THE 
VaPOR-REFRIGERATING-MACHINE cycle will vary in appearance with the 
condition of the vapor as it enters the 
compressor—whether wet, dry, or super- chiquidl Line 
heated—and with the temperature at : 
which the liquid reaches the expansion 
valve. If the vapor entering the com- 
pressor is in the dry-saturated condition i L 

E 1 Vapor Line 
and reaches the expansion valve at a H } 
temperature intermediate between those ; ali 
of condensation in B (Fig. 387) and ‘ 
vaporization in #, then the temperature- 
entropy diagram will appear as shown in Pope 
Fig. 389. In Fig. 389, CD represents : 
the compression of the vapor, DEFA ae 1d, S80. Typinal tempers tine: 

4 F ropy diagram of a  vapor- 
represents the cooling in the condenser, refrigerating-machine cycle. 
AB represents the throttling expansion 
through the valve, and BC represents the vaporization in the expan- 
sion coils. The area B’BCC’ represents the heat abstracted from the 
cold body (R, Fig. 387), area D’DCC’ represents the heat rejected 
to the compressor cooling water, area A’AFEDD’ represents the heat 
rejected to the condenser cooling water, and area A’ABB’ has no real 
significance, 
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434. The Indicated Work Of A Heat Engine Or Refrigerat- 
ing Machine is the mechanical work that is expended by or 
on the working substance within the cylinder. It is the work 
that is measured by the indicator (Sec. 684) diagram which 
is taken from the cylinder (see Secs. 503, 504 and 549 for 
methods of computing indicated work). For heat engines, the 
indicated work is always more than the work which is actually 
available at the engine shaft for useful purposes. For refrig- 
erating machines, the indicated work is always less than the 
work which must be supplied at the compressor shaft. The 
difference between the indicated work and the shaft input or 
output is due to the loss of energy within the machine due to 
the friction of its parts. The ratio of the shaft output of a 
heat engine to its indicated work is called its mechanical 
efficiency. The ratio of the indicated work of a compressor 
(or refrigerating machine) to its shaft input is likewise called 
its mechanical efficiency. 

Nore.—Tue Inpicatep Work Or Purety Rorarive MacuHInEs 
Cannot Br Mrasurep.—Examples of purely rotative machines are the 
steam turbine and the turbo-compressor. Since these machines do not 
employ pistons in cylinders, no indicator diagrams can be obtained from 


them. The mechanical efficiency of such machines cannot ordinarily 
be found. 


435. The Losses In Heat Engines may now be summarized. 
It was shown in Sec. 416 that no heat engine could have a 
greater efficiency than the Carnot—that is, that no heat 
engine could convert into heat more than a certain fraction 
of the heat supplied to it. 
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Fig. 390.—Showing why heat-engines have low efficiencies. Only the vertical distances 
—not the areas—are significant. 


EXxpLANATION.—The heat energy supplied to an engine (A, Fig. 390) 
may be first divided into two parts—C, that which the theoretical ideal 
engine could convert into work, and B, that which could not be converted 
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into work by even the most perfect engine. Cand B are therefore termed 
the available and unavailable heat, respectively. Now, since heat engines 
do not generally operate on cycles which are even theoretically as efficient 
as is the Carnot, it follows that such engines would not provide even 
theoretically as much work from a given heat input as does the Carnot. 
Hence, some such portion as HZ, Fig. 390, of the supplied heat, A, would 
be convertible into work by the theoretical engine, whereas a portion 
D is rejected along with B, that rejected by the Carnot engine. Then, 
since no actual engine can be made to actually follow its perfect cycle, 
the indicated work (Sec. 434) G, will always be less than the work, E, 
of the theoretical engine. The difference, F, is the loss due to imperfec- 
tions (from the heat standpoint) of the engine construction. 

Finally, the work output of the engine at its shaft (K, Fig. 390) will 
always be less than its indicated work G. The difference, H, is the loss 
due to imperfections (from the mechanical standpoint) of the engine 
construction—it is the loss due to friction between parts of the engine. 
Hence, of the heat, A, supplied to the engine only a small fraction, K, 
can really be utilized. The remainder (B + D+F + B) is rejected 
‘sometimes said to be “‘lost’’); it is not really lost in the sense that it is 
destroyed but in the sense that it cannot any longer be converted into 
mechanical energy or work. 


436. Various Heat-engine-efficiency Expressions May Be 
Defined By Means Of Fig. 390 Thus: 
Work of theoretical Carnot engine 
Heat input 


(812) Carnot efficiency = 


_ Quantity C 
Quantity A 


(decimal) 


: : _ Work of theoretical engine 
(818) Theoretical efficiency = Heat spi 
_ Quantity E 
~ Quantity A 
Indicated work 
Heat input 
_ Quantity G 
~ Quantity A 


Shaft output _ Quantity 146 


Heat input — Quantity A 
(decimal) 


____ Work of theoretical engine 
(316) Type efficiency Work of theoretical Carnot engine 
a Quantity H 
Quantity C 


(decimal) 


(314) Actual thermal efficiency = 


(decimal) 


(315) Overall efficiency = 


(decimal) 
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(317) Cylinder (or practical) efficiency = 
Indicated work _ Quantity G 
Work of theoretical engine Quantity E 
Shaft output _ Quantity K 


Indicated work Quantity G 
(decimal) 


(decimal) 


(318) Mechanical efficiency = 


Nore.—Tuer TuroreticaL Erricrency Or A HEat-ENGIN®E, as given 
by For. (313) above, is the efficiency of its theoretical cycle such as the 
Rankine, Otto, or Diesel. Theoretical efficiencies of these cycles are 
given by Fors. (299), (308), and (309). 

Exampire.—See Prob. 18 at end of this division. 


QUESTIONS ON DIVISION 12 


1. Define a cycle. What is the distinction between a true cycle and a pseudo cycle? 

2. What is the object of employing diagrams in the study of cycles? What dia- 
grams are usually employed? 

3. Define a heat engine. A refrigerating machine. What other descriptive name 
may be given to a refrigerating machine? 

4, What are the three essential elements of every heat engine and refrigerating 
machine? What happens between these elements in the operation of a heat engine? 
In the operation of a refrigerating machine? 

5. Define the efficiency of a heat engine. Express the definition as a formula. Is 
a high or low value of engine efficiency desirable? 

6. Define the coefficient of performance of a refrigerating machine. Express the 
definition as a formula. Is it desirable that the coefficient of performance of a refriger- 
ating machine be high or low? 

7. Explain the operation of the simple non-expansive engine. Explain the construc- 
tion of the pressure-volume diagram of its cycle. 

8. What kind of figures always result when the pressure-volume or temperature- 
entropy diagrams of cycles are plotted? 

9. Draw a sketch of the apparatus which must be employed with the non-expansive 
steam engine to make up a true cycle. 

10. Draw the temperature-entropy diagram of a non-expansive steam engine and 
explain its construction. Modify the diagram so that it represents an equivalent cycle 
without frictional processes. Explain the significance of the various areas on the 
diagram. 

11. What was the purpose of devising the Carnot cycle? Are engines built to operate 
on this cycle? Why? 

12. Explain the construction and operation of the Carnot heat engine. If the 
working substance is a gas what is the appearance (make a sketch) of its pressure- 
volume diagram? What is the general appearance (make a sketch) of the temperature- 
entropy diagram? 

13. What factors affect the appearance of the pressure-volume diagram of the Carnot 
cycle when the working substance is a vapor? Draw several such diagrams and 
show the effects. What is the general appearance (make a sketch) of the temperature- 
entropy diagram? 

414. State the formula which expresses the efficiency of the Carnot cycle and show its 
derivation. 

15. How can the Carnot engine be made into a refrigerating machine? Describe 
its operation as a refrigerating machine and draw its pressure-volume and temperature- 
entropy diagrams. 

16. State the formula which expresses the efficiency of the Carnot refrigerating 
machine and show its derivation, 
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17. What is the important relationship between heat-engine efficiency and the tem- 
peratures of the hot and cold bodies? Show the proof of the relationship. 

18. Why is the Rankine cycle, rather than the Carnot cycle, taken as the standard 
for vapor heat engines? 

19. Explain with a sketch the apparatus which is required to constitute a complete 
plant which is to operate on the Rankine cycle and trace the changes of the working 
substance in its passage through the cycle. 

20. Draw the pressure-volume diagram of the theoretical Rankine cycle and correlate 
it with the apparatus described in answer to the preceding question. 

21. Show that the area enclosed by the pressure-volume diagram of the Rankine 
cycle represents the net work of the cycle. 

22. In general, what three forms (make sketches) may the temperature-entropy 
diagram of the Rankine cycle have? Assume steam conditions and plot, from values 
taken from Steam Table 394, the temperature-entropy diagram of a Rankine cycle. 

23. Is the indicator diagram of a steam engine the same as the pressure-volume 
diagram of its cycle? Why? 

24. Draw the theoretical indicator diagram of a Rankine-cycle engine without 
clearance. How does clearance affect the operation of the engine? Show the theoret- 
ical indicator diagram for an engine with clearance. 

25. State the formula which expresses the efficiency of the theoretical Rankine-cycle 
engine. Show the derivation of this formula. 

26. For given hot and cold bodies, which would have the greater efficiency—a Ran- 
kine-cycle engine or a Carnot-cycle engine? 

27. Wherein does the theoretical steam-engine cycle differ from the theoretical Ran- 
kine cycle? Which of these two cycles is it more desirable to have a steam engine follow? 
Why? 

28. Why does the actual steam-engine indicator diagram differ from the theoretical? 
Explain fully each of three principal losses 

29. What is the difference in construction between a steam engine and an air engine? 
What is the difference between their theoretical indicator diagrams? 

30. Is an air engine actually a heat engine? For what services are air engines used? 
What is their principal advantage? 

31. What class of engine has replaced the air engine as a commercial heat engine? 

32. In what class of engines is the Otto cycle used? Is the Otto cycle an efficient one? 
What cycle, used in engines of the same class, is more efficient? 

33. Explain the operation of an engine employing the Otto cycle. Draw the theoret- 
ical pressure-volume diagram. 

34. Write the formula for the efficiency of the theoretical Otto cycle. How is the 
formula derived? 

35. In engines of what class is the Diesel cycleemployed? To what fuels is it particu- 
larly adapted? 

36. Explain the operation of an engine employing the Diesel cycle. Draw the 
pressure-volume diagram. What variations may the pressure-volume diagram have? 
Explain. 

37. What is a compressor? In what kind of machines are compressors nearly always 
used? What is its pseudo cycle often called? 

88. Explain the operation of a compressor without clearance, using pressure-volume 
diagram. In what respects is the operation different in a compressor with clearance? 

39. Define low-pressure capacity. Volumetric efficiency. 

40. Does the clearance volume of a compressor introduce any energy loss? Any 
capacity loss? 

41. Which is generally more desirable—adiabatic or isothermal air-compression? 
Why? What kind of compression is usually obtained? Why? 

42. Draw a sketch to show wherein the actual indicator diagram of a compressor 
differs from the theoretical. 

43. What is a compound compressor? When are they generally used? What is 
the intercooler? 

44. What are the objects of compounding compressors? Explain, using diagrams 
if necessary. 
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45. How would you determine the proper intercooler pressure for a compound 
compressor with ideal or perfect intercooling? 

46. Explain, by the aid of a sketch, the cycle of the air refrigerating machine. When 
is a machine which employs this cycle called a dense-air machine? 

47. Draw the pressure-volume diagrams of an air-refrigerating-machine cycle and 
correlate it with the required apparatus. 

48. Draw the temperature-entropy diagram of an air-refrigerating-machine cycle and 
by its means show the several energy quantities. 

49. What is the principal difference between the air and the vapor refrigerating- 
machine cycles? What advantage have the latter? 

50. Draw asketch and with it explain the operation of a vapor refrigerating machine. 
How does it compare with the air machine in number of pieces of apparatus? 

51. Draw the typical pressure-volume and temperature-entropy diagrams of the 
vapor-refrigerating-machine cycle and correlate them with the apparatus used. Do 
the diagrams have exactly the same significance as do those for the other cycles which are 
herein discussed? Explain. 

52. What is the meaning of the term indicated work as used in connection with heat 
engines and refrigerating machines? How is it measured? 

53. On what kind of machines cannot the indicated work be measured? Why? 

54. Draw a diagram to illustrate and with it explain the many ways in which losses 
occur in heat engines. 


PROBLEMS ON DIVISION 12 


1. A heat engine converts into work 68,000 B.t.u. per hr. whereas it is supplied with 
200,000 B.t.u. per hr. What is its thermal efficiency? 

2. A refrigerating machine abstracts 800,000 B.t.u. per hr. from a cold room and 
consumes 194,500,000 ft.-lb. of mechanical energy per hour. What is its coefficient 
of performance? 

3. What would be the thermal efficiency of a Carnot engine whose hot and cold 
bodies have temperatures of 2,800 and 60° F. respectively? 

4. What would be the coefficient of performance of a Carnot refrigerating machine 
with which an inside temperature of 0° F. was to be maintained while the outside 
temperature is 90° F.? 

65. The inventor of a certain internal-combustion engine claims that the engine 
will produce 1 hp.-hr. with a consumption of only } lb. of fuel which has a heating 
value of 18,000 B.t.u. per lb. It is found that the maximum temperature of the gases 
within the cylinder is 2,700° F. and that the gases are exhausted at a temperature of 
350° F. Is the inventor’s claim probable? 

6. What is the efficiency of the Rankine cycle with steam leaving the boiler at 150 
Ib. per sq. in. abs. and 250° F. of superheat and leaving the engine at 1 lb. per sq. in. abs.? 

7. How much work would be obtained from 1 lb. of steam in passing through the 
cycle of Prob. 6, and how many pounds would have to be circulated per indicated 
horsepower-hour? 

8. The clearance space of a 6- by 15-in. Otto gas engine was found to hold 5 lb. of 
water. What is its theoretical thermal efficiency? 

9. An air compressor has a displacement volume of 6 cu. ft. and a clearance of 5 
per cent. If the compressor operates between 5 and 100 lb. per sq. in. gage, what is 
its volumetric efficiency? (n = 123). 

1). An air compressor which has a displacement volume of 8 cu. ft. and a clearance of 
4 per cent., operates adiabatically between O and 70 Ib. per sq. in. gage. What volume 
of air does it take in per stroke? 

41. What would be the proper intercooler pressure for a two-stage air compressor 
which draws in air at atmospheric pressure and discharges at 110 lb. per sq. in. gage? 
(Assume perfect intercooling.) 

12. In a dense-air refrigerating machine, the pressures in the cooling coils and refriger- 
ating coils are, respectively, 130 and 40 lb. per sq. in. gage. The air enters the com- 
pressor at 34° F. The air leaves the cooling coils at 70° F. Assuming adiabatic 
compression and expansion, find the coefficient of performance. 
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13. In the machine of Prob. 12, how many pounds of air would have to be circulated 
per hour and what power would have to be supplied if it is desired to extract 2,000 
B.t.u. per hr. from the cold body? 

14. If, in a plant similar to that of Fig. 387, it is desired to maintain a temperature of 
30° F. in the room & and the water entering the condenser B is at the temperature of 
70° F., what must be the pressure of the ammonia in coils Band H? (Assume that con- 
densation takes place at 80° F. and vaporization takes place at 20° F.) 

15. If the machine of Prob. 14 is to extract 2,000 B.t.u. per hour how many pounds 
of ammonia must be circulated per hour? (Liquid ammonia leaves B at 75° F. and the 
vapor leaving £ is dry saturated.) 

16. The indicated work of an engine is 11,220 ft.- lb. per revolution. The shaft out- 
put of the same engine is 9,537 ft.-lb. per revolution. What is the mechanical efficiency 
of the engine? 

17. The indicated work of a compressor which requires 25 hp. at its shaft and operates 
at 200 r.p.m. is found to be 3,300 ft.-lb. per revolution. What is the mechanical effi- 
ciency of the compressor? 

18. A steam engine on test was found to require 3,965 lb. of dry saturated steam per 
hour at 115.3 lb. per sq. in. gage. The back pressure on the engine was 0.3 lb per sq. 
in. gage, The atmospheric pressure was 14.7 lb. persq. in. abs. The indicated horse- 
power of the engine was 130 and the power at the shaft (brake horsepower) was 120. 
Compute the ideal Carnot efficiency, the ideal Rankine efficiency, the cylinder efficiency, 
the actual thermal efficiency, the mechanical efficiency, and the overall efficiency 
of the engine. 


DIVISION 13 
FUELS 


437. A Fuel may be considered as any material that liberates 
its internal chemical energy (Sec. 28) as heat in commercial 
quantities, or burns, when it is united with the oxygen of the 
air. A portion of the heat which is thus liberated in the 
boiler furnace, or in the cylinder of an internal-combustion 
engine, is transformed by the engine into useful work. Or, 
the heat may be utilized in building heating, for the comfort 
of man. 

Nore.—WxHEN Two Svusstances React CHemicatty To Form 
AnoTHER Supstancr, Heat Is Orren Liperatep.—But for certain 
other chemical reactions, the addition of heat is necessary to effect 
the reaction. ‘The chemical process of combustion, and of how heat is 
liberated thereby, is explained in Sec. 157 and in Div. 14 on CompBustTion. 

Nore.—Most Furs Consist Or Pure Carson, Or Or Carson AND 
Cuemicat Compounps Or Carson with oxygen, hydrogen, nitrogen, and 
sulphur. 


438. The Subject Of “Fuel” Is A Very Important One, 
since it may be the determining factor in the selection of a 
boiler, or even of the type of power plant that should be 
used. This selection should depend upon the type and quan- 
tity of fuel which is available in the community, or upon the 
facility of transportation of the fuel from some other 
community. 

Norz.—Besipes Knowing Wuat Furts Arg AVAILABLE, and what 
they will cost delivered to the plant, something should also be known 
about the classes of fuels, the substances contained in them, and the heat 
values of the fuels. Only a few of the more important facts concerning 
fuels can be treated herein. 


439. There Are Three Classes Of Fuels, under which all 
may be grouped according to their state of matter (Sec. 49): 
(1) Solid. (2) Liquid. (3) Gaseous. Fuels of each of these 
three classes are available, either in their natural states or as 
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they have been prepared by man. Fuels of the different 
classes are discussed in following sections. 

440. Natural Solid Fuels exist in, among others, the forms 
listed below. There are many other natural solid fuels such as 
corncobs and tanbark. However, they are of relatively 
minor practical importance and hence will not be treated here. 


Tue Straw Or Wueat, Ryp, AND OTHER GRAINS is sometimes used 
as fuel for the engines in the harvest fields. Boilers have been designed 
especially for burning them. They have never been used except where 
straw is very plentiful and other fuels scarce. Straw would not be pur- 
chased for this purpose, as it burns very rapidly and is inconvenient to 
handle. 

Baaassk, which is sugar cane from which the juice has been pressed, 
is used in sugar-plantation mills where a large amount is available. It is 
cheap and makes a fair steaming fuel for the sugar mills. 

Sawovust, Bark, Stans, AND OTHER SAWMILL Rerusz, found around a 
sawmill may be used to fire the furnaces of the mill. Its low heating- 
value renders it uneconomical as a fuel if it must be transported any 
considerable distance. 

Woop is sometimes used as a fuel in the household and for steaming 
purposes. Its utility has been demonstrated for ages. However, due 
to the scarcity of lumber for building 
purposes, wood is being used less fre- 
quently as a fuel as time progresses. 

Coat (Fig. 391) is by far the most 
important of the solid fuels. This is 
due to its abundance, ease with which 
it may be handled, and its heating- 
value. The fuels listed above are 
primarily of vegetable origin. Coal 
also is derived from the same source. 
Investigation shows that, many cen- 
turies ago, there were great forests of 
vegetation, much more abundant and 
dense than any which now exist. 
These forests thrived in climates con- 
siderably warmer and much more humid than those of the present 
day. Then, some geological upheaval occurred. Thereby these 
growths of vegetation were inundated with earth, rocks and water. 
Eventually they were subjected to high temperatures, due to the internal 
heat of the earth (Sec. 69), and to great pressures. Thus the coal (Fig. 
392) was formed. In some localities, coal is found near the surface of 
the earth. In others, the veins are far underground. Due to different 
original constituencies, pressures, temperatures, and periods of con- 
finement, the coal of the different grades was formed. 


Fra. 391.—Microscopic enlargement 
of a minute fragment of coal. 
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PEAT is another fuel which is used to some extent in certain localities. 
It is a mixture of partially decayed vegetable deposits and water. It is 
found under water, or in marshy ground, called peat bogs. When the 
water is dried from the material, it burns freely liberating considerable 
intense heat. It is clean and convenient to handle. Peat is used only 
in the localities in which it is found. 
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Fie. 392.—Section through an English colliery showing coal seams and method of 
working. 


441. The Prepared Solid Fuels which are used extensively 
are charcoal and coke. 


CuarcoaL is formed when the volatile matter (gases) which was 
originally contained in wood, is driven off without burning the wood. 
Charcoal is almost pure carbon. When it is burned under a strong 
draft, it produces an intense heat with practically no smoke. It is 
used in cupolas, furnaces, and in forges for special heating and heat- 
treating. The best grades of charcoal are obtained from beech, birch, 
and maple. Charcoal is a by-product from the manufacture of turpen- 
_tine and wood alcohol. 

Coxs is formed when the volatile substances, which are contained in 
coal, are driven off without burning the coal. It, also, is nearly pure 
carbon. It is used for heating, especially in the metallurgical industries. 
It is seldom employed for power generation. Coke is a by-product from 
the manufacture of coal gas. 

Nore.—BriqguETTeD Fur. is another of the solid fuels which is 
extensively used in European countries, and to some extent in the 
United States. The principal constituent of this fuel is, usually, coal 
which has been crushed and mixed with some combustible binding 
material, such as coal-tar pitch, and then pressed into briquettes. Fuel 
in this form has the advantage of being uniform in size and of making 
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few clinkers. It gives off but little smoke, has a high heating value, and 
permits of a high rate of combustion. The expense of its preparation 
has, for most purposes, rendered its use uneconomical in America. 


442. Petroleum Is The Most Important Of The Natural 
Liquid Fuels.—There is doubt as to the exact origin of petro- 
leum. It is generally agreed, however, that it was formed by 
plant and animal matter, which was in prehistoric ages cov- 
ered by earth and rocks. After being thus covered, the 
matter decayed. Then, for centuries it was subjected to 
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Fig. 393.—Illustrating the occurrence and mining of oil and natural gas. 


confinement and pressure in porous rock and gravel, or in 
pockets below non-porous shales. This resulted in its being 
changed to the present liquid petroleum (Fig. 393). 

443, Petroleum varies in color from light brown to dark 
brown, according to the locality from which it comes. The 
chief constituents of petroleum are hydrocarbons (chemical 
compounds of hydrogen and carbon).- It is these hydrocar- 
bons which render it valuable as a fuel. Petroleum and its 
products are used in boiler furnaces (Sec. 497) as a fuel for 
generating steam, or directly in explosion-engine cylinders 
(Sec. 531). The products from petroleum are also used for 
heating and lighting buildings. At present, petroleum is 
relatively plentiful. But, due to the continual increase in its 
use (Fig. 394) it is probable, that within the course of a rela- 
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tively few years, the supply of liquid petroleum will be nearly 
exhausted. But even then, there remain the oil-shale deposits 
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Fie. 394.—Graph showing the tendency of 
the United States to exhaust its reserve of 
unmined petroleum, shale oils not included. 
(The total area, ABCA, under the graph 
represents the original total petroleum sup- 
ply of the United States. The double- 
hatched portion represents that used up to 
1917. The single-hatched area represents the 
supply yet available on Jan. 1, 1918), 
Bulletin No. 102, Perroteum SmirHsoniaN 
INSTITUTION, 


which will yield millions of 
barrels of oil; see note below. 


Norr.—Pxrrroteum May Br 
Usrepv As A Foust In Onm- 
BURNING BortER FurRNacrs 
And In Larce Enernes Or 
Tue Dizset Typr, just as it is 
taken from the ground. Other 
substances such as road oils, 
benzene, paraffin wax, lubricat- 
ing oils, are made (Fig. 395) 
from petroleum by fractional 
distillation (Sec. 444). At pres- 
ent there are only about 300 
different products made from 
the crude petroleum. However, 
the ultimate possibilities in this 
respect appear to be unlimited. 

Norr.—Tuere Is ANOTHER 


Source Or Om Suppiy which is now being utilized to some extent. 
By heating and treating certain surface shales which are found in the 
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Fie. 395.—Diagram of an oil refinery. 


Rocky Mountains, oil is derived. This will, doubtless, be the future 


source of our oil supply. 
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444, Some Of The Prepared Liquid Fuels Are Obtained By 
Fractional Distillation Of Crude Petroleum as gasolune, 
kerosene, and naptha. There are many others. At different 
temperatures, different distillates vaporize from the crude 
petroleum (Sec. 443). Some are very volatile and have low 
specific gravities. For automobile and aeroplane engines 

(Fig. 396), gasoline is at present 

Pee ees indispensable. Kerosene is used 
~ to a large extent in rural com- 

munities for lighting and heat- 
ing. The petroleum distillates 
contain less impurities than the 
crude petroleum, are very rich 
in hydrocarbons, and constitute 
mk y excellent fuels. Various grades 
(OT H i of fuel oils, heavier and less 
ral Q) volatile than kerosene and gaso- 
line, are also distilled from crude 

5 oil. The heavier oils are distilled 

off at the higher temperatures 

4 S and the lighter products at the 

(Splash Ne i Civ lower temperatures, all as ex- 
plained in Div. 10. 
Fic. 396.—Vapor from the liquid fuel 445. Alcohol may be classed 
ee eS in aninternal- 4s a prepared liquid fuel. Wood 
Alcohol is obtained by the de- 
structive distillation of wood. It finds its greatest use as a 
fuel for small stoves and heating-lamps in the laboratory and 
in other places where a clean effective liquid fuel is required. 
It is too expensive, however, for extensive use. Denatured 
alcohol is alcohol made by the distillation of a fermented solu- 
tion of grain, molasses, syrups, or similar plant substances, to 
which has been added a small amount of wood alcohol or 
other poison. It is used for the same purposes as wood 
alcohol. Likewise, it is too expensive for extensive use. 
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Norr.—Bewnzou is another liquid fuel. It is a by-product from the 
manufacture of coke. Because of the small quantities in which it is 
manufactured, it is not used to any great extent as a fuel at present. 
It is, however, a good fuel and may be used alone in internal-combustion 
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engines, or it may be mixed with gasoline. In color and odor it resembles 
gasoline. Its freezing point is, however, rather high (about 40° F.). 


446. A Gaseous Fuel Is The Theoretically Ideal Fuel.—As 
compared with the fuels of the other two states it is extremely 
easy to handle. Its combustion- 
rate may be readily regulated. It 


produces an even heat and, where ?écharge Line 


Tromsmission ~~ 


it is used, there is no waste orin- "Sistem 
convenience due to an ash residue. Surface 


Notr.—Gasrous Furrs Conrain 
Practicatty No Frer Carson, but 
have in them carbon compounds and 
uncombined gases such as oxygen, 
hydrogen, and nitrogen. 


447. The Only Natural Gaseous . ee r. 
Fuel Is “Natural Gas.”—The = 22" 
origin of natural gas is similar to sé is 
that of petroleum (Fig. 393). It Saas: 
is usually found adjacent to or ae! 
above petroleum deposits. Also, 28. 


it is sometimes found associated 
with coal deposits. The gas is, 
usually, found in pockets and under 
considerable natural pressure. It 
is obtained (Fig. 397) by drilling 
deep holes—wells—into the ground. 
Pipes are placed in the holes as the 
drilling progresses and the gas is 
then forced out through the pipes 
by its own pressures. Thence it 
is conveyed to the consumer by 
pipe lines. 
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Nore.—Txe Heating Vatur Or Beck 

NaturaL Gas Varies GrEATLY.—The Fig. d07.-_Fipmg ana 
TG natural-gas well. 

gases from some localities have a very 
high heating value, while those from others have a low heating 
value. Natural gas is a good fuel for use under boilers, and for 
heating, lighting, and cooking. In the immediate vicinity of the gas 
fields, the price is usually low. This may, in such communities, render 
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it preferable to other fuels. 
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Just as in the case of petroleum, however, 


the supply is being rapidly exhausted. Already, the demand for it far 


exceeds the supply. 


448. Prepared Gaseous Fuels are derived from two main 


sources: (1) Coal. 
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Fie, 398.—Section through a 
coal-gas retort. 


cities and sold for lighting and heating. 


(2) Oul. 


‘alr Mixing Passages 


gle Iron Barf fle Supports: 


In the operation of blast furnaces 

(coke, Sec. 441, ordinarily being 
used as the fuel) a large quantity 
of fuel gas is produced. It is 
called blast-furnace gas. Pre- 
cautions are often taken to 
prevent the waste of the gas 
thus formed. It may then be 
utilized as fuel to generate 
steam in boilers or for direct 
utilization in internal-combus- 
tion engines. The quality of 
this gas 1s relatively poor. As 
it comes from the furnaces, the 
gas contains dust which must be 
filtered from it before the gas 
can be used in internal-combus- 
tion engines. 

449. Coal Gas is produced 
(Figs. 398 and 399) by heating 
bituminous coal in closed con- 
tainers. It is manufactured in 


The gas, which 


distills off from the heated coal, is stored in tanks or gasometers 
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Fia. 399.—Illustrating the manufacture of coal gas. 


under pressure. 


From the gasometers it is piped to the 


consumer for use in stoves, gas-lights, water heaters, and other 


heat-consuming devices. 


It is generally too expensive to be 
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used for generating steam for steam-power plant. The solid 
substance left after the gas has been expelled from the coal is 
coke (Sec. 441). 


Notr.—Oruer Gases Arg Manuracturep: All oil-water gas is 
obtained by atomizing crude oil and then mixing it with steam. Pintsch 
gas is manufactured by allowing oil to fall, drop by drop, on a heated 
surface. The gas thus formed is collected and compressed, often to the 
liquid state. After compression, it is forced into metal cylinders for 
shipment to the consumer. Its chief use is for lighting. Water gas is 
produced (Fig. 400) by passing water, in the form of steam, through 
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Fie. 400.—Illustrating the manufacture of water gas. 


carbon which is at ared heat. The gas given off has a low heating value 
and burns with a blue flame. However, if vaporized oil is mixed with 
this gas, a luminous flame, suitable for lighting, is produced by the 
combustion of the mixture in air. Air gas and blast-furnace gas are 
produced by passing a minimum quantity of air through a thick layer of 
glowing coke or other solid fuel—the resulting gas has a low heating value. 


450. There Are Two Methods Of Determining The Chemi- 
cal Energy In Fuels, Which Is Liberated As Heat Energy 
when combustion occurs and which may be partially utilized in 
doing useful work: (1) By analysis. (2) By calorimeter tests. 
If an analysis of a fuel is made (as hereinafter described) and 
its various constituents thereby determined, it is then possible, 
by applying certain graphs or formulas, to determine, with 
approximate accuracy, its heating value in British thermal units 
per pound. If acalorimeter test (described in a following section) 
is made on a fuel sample, the heating value of the fuel may 
thereby be determined almost exactly. It follows then, that 
the analyses may be employed for approximate determinations 
and the calorimeter tests for more exact determinations. 


Nore.—Tus Fouttowinea Inrormation ConcERNING FuEL ANALYSES 
Anp Txsts, ReLratms AtMost ENTIRELY To Coat, but the same general 
process is followed for the determination of the available heat energy in a 
fuel of any class. 
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452. The Heating Value Of A Fuel may be defined as the 
number of heat units given up by it or liberated when a unit 
quantity of the fuel is completely burned (in oxygen or in the 
air). For solid and liquid fuels, heating values are generally 
expressed in British thermal units per pound of fuel. For 
gaseous fuels, heating values are generally expressed in 
British thermal units per cubic foot of the gas (measured at a 
standard pressure and temperature of 30-in. mercury column 
and 62° F.). Fuel is purchased primarily to produce heat. 
Therefore, the greater number of British thermal units that 
a given amount of the fuel will produce, the better is the fuel, 
other factors being equal. 


Nore.—Ture Heating Vaturs Or Gaszous Anp Liquip Furs 
SHoutp Br Expressep As Errupr ‘HicHEr” Or “LowErR’’ values, 
sometimes called total values and net values. When, in making heat-value 
determinations of fuels, the products of combustion are cooled below 
212° F., any water vapor which might have been formed by the combus- 
tion of hydrogen in the fuel and which passes off as a product of com- 
bustion, is condensed. In condensing, the water vapor gives off its 
latent heat of vaporization. The “higher heating value” of a fuel 
includes this latent heat. The “lower heating value” does not include 
this latent heat. The heating values of solid fuels, as generally com- 
puted, are the “higher” heating values. The hydrogen of a solid fuel is 
thus generally neglected when its heating value is given. The reason 
for this is that it is extremely difficult to determine accurately the 
lower heating value of a solid fuel unless an ultimate analysis of the fuel is 
available. (See Wurrs, “Gas and Fuel Analysis,’”’ page 281.) Ultimate 
analyses of fuels are expensive and are seldom made. 

However, it is a fact that the lower heating value provides a better 
index as to the effectiveness of a fuel, for the usual power plant conditions, 
than does the higher heating value. This is because, in the usual power 
plant, the combustion gases leave the steam-generating equipment at a 
temperature higher than 212° F. Thus, the water vapor which was 
formed by the hydrogen when the fuel was burned in the furnace has not 
condensed and given up its latent heat of evaporation to the flue gases 
if the gases leave the steam-generating equipment at a temperature 
higher than 212° F. Chemical- and bomb-type calorimeter determina- 
tions give (unless involved corrections are made) “higher” heating 
values—because with these calorimeters—the water vapor which is evolved 
in the crucible condenses and gives up its latent heat of vaporization to 
the jacket water in the calorimeter. 


453. The Quality Of A Fuel May Be Determined By An 
Analysis.—There are two analyses in general use for coals: 
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(1) Proximate analysis. (2) Ultimate analysis. The proxi- 
mate analysis is relatively simple and does not necessarily, 
require a chemist for its performance. The purpose of a 
proximate analysis is to determine the amount of the following 
substances which are contained in the fuel: (1) Moisture. (2) 
Volatile. matter. (3) Fixed carbon. (4) Ash. The ultimate 
analysis must be made by a competent chemist. This 
chemical analysis shows the amount, of the following sub- 
stances in the fuel: (1) Moisture. (2) Carbon. (3) Hydrogen. 
(4) Oxygen. (5) Nitrogen. (6) Sulphur. (7) Ash. In each 
of these analyses, the amount of each substance contained in 
the fuel is usually expressed as a percentage by weight of the 
whole. 


Nors.—Ir Tar Pownr-prant Man Is To INTELLIGENTLY PURCHASE 
Fvurt, he should know which of these constituents tend to make a good 
or a poor fuel for the purpose for which it is to be used. Either of the 
above analyses will provide him with valuable information. 


454. The Proximate Analysis Of A Coal provides data 
whereby the behavior of the coal in a furnace may be intelli- 
gently predicted. Before making the analysis, 
however, great care must be taken to insure 
that the coal which is being tested is a really 
representative sample of the coal from which 
it is taken. The following notes on the 
sampling and analysis of coal are abstracted 
from Power Puant Trstine by J. A. Moyer. 


Samptine.—For all tests in which an analysis of 
the coal or its calorific value is to be determined, it 
is very necessary that the sample to be tested be 
selected with the greatest care. Proportionate 
amounts should be taken of both large and small 
sizes as well as of the dust. At least 200 lb. of coal 

Fra. 401.—Coffee- js collected for the process of sampling for the 
Be sear eee analysis. This amount of coal is to be broken up on 
prior to pulverizing, ® clean floor by any convenient means to a size of 

about 14-in. diameter, then thoroughly mixed and 
spread out on a flat circular pile. This pile is then “‘quartered”’ and the 
opposite quarters are discarded. The remainder is now broken up to 
about 14-in. diameter pieces and the mixing, quartering and discarding 
is continued until from 5 to 10 lb. remains. ‘This is to be put into a glass 
jar or a tin can that can be made airtight. The sealing should be care- 
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fully done, to prevent any deterioration of the sample in transportation 


to the laboratory where the analysis is to be made. 
In the laboratory the coal should be emptied from the jar or can and 


ape Pestle 


Mortar 


Fie. 402.—Mortar and pestle for 
pulverizing coal sample. 


crushed (a coffee mill, Fig. 401 may be used) to a fineness of about a 
20-mesh sieve (20 meshes to the inch). The coarser pieces may be broken 
in a mortar (Fig. 402). The crushed coal is thoroughly mixed and a 
small portion which is to be used for the 
analysis—about 2 or 3 oz.—is put into an 
airtight bottle. The remainder of the Coreen sie 
crushed coal is put back into the jar or crucible contain-. | Tin pail with Hole 
can and sealed. It is to be retained for :"%pierca Sees 
possible future use for check tests. N 

Moisture.—Weigh into a covered cru- 
cible about 4 grams (about 3 oz.) of the 
coal which passed through a 20-mesh sieve, 
that was prepared and bottled for analysis 
as described above (Fig. 403), This should 
be done as quickly as possible to avoid loss N 
of moisture to the air. Remove the crucible 
cover and heat in an oven or similar recep- 
tacle (Fig. 404) for 1 hr. at a temperature of IN atl 
from 220° to 230° F. At the end of the - = AH 
hour, replace the cover on the crucible, / t\ 
remove it from the oven and place it in a “Supporting 
desiccator (Fig. 405) to cool. When the Aig 
crucible and the coal which it contains have 
cooled to nearly the room temperature, they Fic. 404.—Drying the coal 
should be weighed. Again remove the cru- ee 3 moisture i ecters 
cible cover and heat as before in the oven : 
for 4 hr. longer. If the weight has remained constant, no more heat- 
ing is necessary. The difference between the first and last weighings 
is the moisture in the coal. 

VouiaTILE Matrer.—Now weigh out a new sample of about 1 gram 
(40 oz.) of the ‘‘20-mesh”’ crushed coal into a platinum (or platinum 
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substitute) crucible weighing 20 to 30 grams (% to 1 oz.) and having a 
closely fitting cover. Support the covered crucible on a chemist’s tri- 
angle (Fig. 406) of nichrome steel or of platinum which should be 3 to 
34 in. above the top of a good Bunsen burner. (The burner should give 
a free flame about 8 in. long.) Heat the covered crucible for 7 min. in 
the full flame of the burner. Cool the crucible in a desiccator and then 
weigh carefully. The loss in weight is the sum of the volatile plus the 
moisture. The room in which the test 
aici for volatile matter is made should be free 
doing. from drafts which might cause a varia- 
STN. ; tion in the intensity of the flame. 
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Fia. 405. Fic. 406. 


Fic. 405.—Desiccator to prevent sample from absorbing moisture while cooling. 
The desiccator utilizes the fact that certain substances (sulphuric acid in the one shown 
here) have a great affinity for water and will absorb water vapor from surrounding air. 
Sulphuric acid absorbs water vapor much more rapidly than does dry coal. Hence, 
when a dry coal sample—which also tends to absorb vapor from the air—is placed in a 
desiccator to cool, the moisture inside the desiccator is quickly absorbed by its air-drying 
substance. Therefore, the coal sample is prevented from absorbing moisture while 
cooling. 

Fie. 406.—Heating crucible containing coal sample for ‘volatile’? determination. 


Frxep Carson Anp Asu.—Remove the cover from the crucible which 
was used in the “‘volatile” test and heat the crucible and the residue 
with a Bunsen flame or with an air-blast lamp until all of the carbon has 
been burned, and the weight of the crucible and contents becomes con- 
stant. The contents of the crucible may be stirred slightly with a plat- 
inum wire to break up the ash—which should become a powdery mass 
when combustion is complete. Combustion is assisted by inclining the 
crucible on the triangle during this test so as to admit air more freely 
for oxidation. After cooling in a dessicator, make a final weighing of 
the crucible and contents. The difference between this weight and the 
weight of the empty crucible, without its cover, is the weight of the ash. 
The weight of the fixed carbon is determined by subtracting the sum of 
the weights of the moisture, volatile, and ash from the original weight 
of the sample of coal tested. 
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Nots.—WeiceHines SHoutp Bre Mapr Wirs Cuemicat Scauzs 
which are sensitive to 14,000 of the amount weighed. Two deter- 
minations of the complete analysis should be made of each sample 
and the results should check within }4 per cent. of the weight of the 
coal used. 

Tap Percentace Or Eacu Or Tur Dirrerent Constirupnts May 
Now Br Computep.—From these percentages the value of the coal may 
be intelligently judged. If the ash content is high, it may be assumed 
that the coal is a relatively poor one. A large percentage of ash in a 
coal lowers its heating value, causes trouble with clinkers, and increases 
the expense of removing ashes. The amount of volatile indicates whether 
the coal will burn with a long flame or a short flame and whether it will 
tend to produce smoke. ‘The greater the amount of volatile contained 
in the coal, the longer will be the flame and the more likely will be the 
production of smoke. Whether or not the fuel burns with a long or a 
short flame will determine the method of firing which should be used. 
to may also be a determining factor in the selection of the proper type 


) Hf furnace. 


ComBUSTIBLE is the term applied to that portion of the coal which is 
not included in the ash and the moisture content. That is: The com- 
bustible = (volatile) + (fixed carbon). In general, the larger the percent- 
age of fixed carbon and volatile, the higher will be the heating value of 
the fuel. 

Norr.—OccasionaLLty Coat May Loosr A Part Or Its Moisture 
By Arr Drying, or other means. If a proximate analysis which was 
made upon a sample of the dried coal is used instead of upon a sample of 
the undried coal, the results obtained thereby might be erroneous. 
Therefore, the proper method of procedure is to make the proximate 
analysis on the basis of ‘‘As Received.” Then, by the method given in 
the following example, reduce the analysis as made on this basis, to that 
of the Dry Coal basis. 

ExampLe.—Suppose the proximate analysis of a sample of coal, made 
on the ‘‘As Received” basis, shows that it contains the given percentages 
by weight of the following substances: moisture, 8.50; volatile, 37.75; 
fixed carbon, 51.10; ash, 2.65. What would be the percentages on a Dry 
Coal basis? Soxution.—The content of the coal, omitting the moisture, 
is 100 — 8.50 = 91.50 per cent. Then, the percentage of volatile in the 
sample on the Dry Coal basis = 37.75 + 91.50 = 41.25 per cent.; fixed 
carbon = 51.10 + 91.50 = 55.90 per cent.; ash = 2.65 + 91.50 = 
2.85 per cent. 

Exampiy.—lIf the ash be eliminated from the analysis on the Dry Coal 
basis, what per cent. of the combustible is the volatile? What per cent. 
is the fixed carbon? Sotution.—From the above solution: (The per 
cent. of volatile) + (the per cent. of fixed carbon) = (41.25 + 55.90) = 
97.15 per cent. combustible. ‘Therefore the combustible contains: (41.25 + 
97.15) = 42.48 per cent. volatile, and (55.90 + 97.15) = 57.52 per cent. 


fixed carbon. 
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Nore.—Fia. 407 Suows GrapuicaLty THe APPROXIMATE HEatTInG 
Vauurs in B.t.u. per lb. of coal that may be expected in coals of various 
ratios of volatile to fixed carbon in the combustible. 

Ex ampie.—What is the approximate heating value in B.t.u. per pound 
of the above coal? Soxnurton.—The ratio of volatile to fixed carbon = 
(42.48 + 57.52) = 0.735. From Fig. 407, 1 1b. of this coal contains 14,400 
B.t.u. per lb. of combustible. From the above example, the “Dry Coal” 
sample contains (55.90 + 41.25) = 97.15 per cent. combustible. There- 
fore, the heat value of 1 Ib. of the “Dry Coal” = (97.15 X 14,400) + 100 = 
13,990 B.t.u. 
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Ratio of Volatile to Fixed Carbon 


Fic. 407.—Graph showing the approximate heating value of coal per pound of 
combustible. 


455. The Ultimate Analysis Of A Coal is made for the 
purpose of determining the percentage, by weight, of the ele- 
mentary constituents or elements contained therein. This 
chemical analysis determines the percentages of, carbon, 
hydrogen, oxygen, nitrogen, and sulphur contained in the sam- 
ple. The analysis method which is employed is complicated 
and necessitates skillful manipulation. Therefore the analysis 
must be made by a competent chemist. The process of mak- 
ing such an analysis will not be described herein. In perform- 
ing this analysis, the chemist may also determine the amounts 
of ash and moisture in the coal and also the elements which 
constitute the ash. An ultimate analysis having been made, 
the heating value of the coal may be determined approxi- 
mately by substituting in For. (326), Sec. 469. 

Nore.—For Tue Reasons Given Unprer Proxtmate Anatysis (Sec. 
454) the basis—whether ‘‘Dry” or ‘‘As Received”—should be known so 


that correct comparisons may be made between the analyses of samples 
of different coals. 
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456. Fuel Calorimeters Are Devices For Measuring The 
British Thermal Units Heating Values Of Fuels. (See Sec. 
452.) Both coal (Fig. 408), and gas calorimeters of several 
different types are manufactured. The majority of the instru- 
ments of these various types operate on the same principle. 
They measure the heat, usually in B.t.u., which is liberated, 
by the combustion in oxygen, of a given weight of the fuel 
which is under test. In them, the heat which is liberated 
by the combustion of the test-sample is permitted to pass 
into a known weight of water. Then the rise in temperature 
of the known weight of water is noted. The calorimeters of 
the various types differ from each other principally in the 
method whereby the oxygen necessary for the combustion of 
the fuel is supplied. In some calorimeters, the combustion 
is effected by the oxygen in atmospheric air. In others almost 
pure oxygen gas is forced into the combustion chamber under 
high pressure. In still other types, the oxygen is supplied 
by some oxidizing agent—a powdered chemical—which is 
introduced into the combustion chamber of the calorimeter. 

457. The Accuracy Of A Fuel Calorimeter depends upon two 
factors: (1) The completeness of the combustion. (2) The 
amount of heat lost. Various mechanical arrangements have 
been devised, whereby inaccuracy due to these factors has 
been reduced to a minimum. 


EXPLANATION.—Inexpensive coal calorimeters are frequently con- 
structed according to the principle of that shown in Fig. 408. This is 
known as the chemical type. ‘The steel crucible, C, is lined with some 
substance which is not affected materially by the products of combustion. 
This lining material is sometimes an enamel. In the more expensive 
types, the lining is of platinum or gold. While the test is being made, the 
crucible is immersed in the water, W,asshown. ‘The water container, A, 
is enclosed by an air-jacket casing, to minimize the heat loss by radiation 
and conduction. The metal stem, M, is hollow and closed at the top by 
a screw-cap valve, V. Wires for the electric exploding-circuit pass 
through M. A fuse-wire, P, (usually iron) located in the crucible is 
connected in series with the two current-supply wires. To burn or 
explode the coal, which is under test, this fuse wire is heated to incandes- 
cence by an electric current. The wooden cover, 7’, fits tightly. 

To load the crucible, it is removed and unscrewed from the crucible- 
cover. The sample of coal, after having been carefully dried, weighed, 
and thoroughly mixed with some powdered oxidizing chemical, (usually 

28 
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sodium peroxide), is placed in the crucible. The function of the chemical 
is to supply the oxygen necessary for the combustion. A quantity of 
water, W, sufficient to cover the crucible is now carefully weighed, and 
then poured into the water-container. The water is then stirred, with 
the stirrer, S, until the temperature becomes constant. The mixture 
is then ignited by closing the electric circuit. Rapid and complete 
combustion ensues. The heat liberated thereby is imparted to the water, 
thus raising its temperature. 
Since the thermometer is gradu- 


Switch" sex A . 
ce AANA ated to read in small fractions 
RS Current-Limiting ; & pce 
Dd 5 F Resistance---“ of a degree, the rise in tempera- 
SSR j 
8 $8 s ture may be accurately de- 
ee S termined. By the method 
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explained in Sec. 454, the heat 
liberated by the combustion of 
the sample is now computed. 
Then, (Number Of British 
Thermal Units Thus Obtained) 
+ (Weight Of The Coal Sample, 
In Pounds = Heating Value Of 
The Coal, In B.t.u. Per Pound. 

Note.—In BoMB-TYPE 
CaLORIMETERS, which are the 
more expensive, commercially- 
pure oxygen gas is forced into 
the crucible, C, to provide for 
complete combustion of the 
coal. The gaseous oxygen is 
employed, instead of sodium 
peroxide or similar oxidizing 
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Fig. 408.—Construction of an inexpensive Nots.—AnoTHER METHOD 
coal calorimeter. Or DrrEeRMINING THE HEATING 


Vatur Or Coat which is based 
an the amount of lead which a fuel will reduce from lead oxide, is as 
follows: A sample of about 1 gram (approximately 0.035,3 oz.) of the 
coal to be tested is dried and crushed to a fine powder. It is then 
intimately mixed with 60 grams of litharge and 10 grams of ground 
glass. This mixture is now placed in a clay crucible and covered with 
a layer of salt. The cover is put on the crucible. It is then heated 
olathe hottest part of a boiler furnace for about twenty minutes. After 
the crucible has cooled, the lead button is removed and carefully cleansed 
of the adhering slag. The lead is then accurately weighed. The 
B.t.u. per pound of coal may then be computed by the following formula: 

Wi 


(319) H = 483 We (B.t.u.) 
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Wherein: H = heat value of the coal, in B.t.u. per pound. Wy = 
weight of the lead button, in grams. We = weight of coal sample, in 
grams. If this determination is carefully made, the results obtained 
thereby will usually be about 3 per cent. higher than those obtained from 
a similar sample of coal when tested with a bomb-type calorimeter. 


458. Coal Is Classified Into Different Grades And According 
To Its Qualities And Constituents (see Table 451). Many 
classifications of coal have been made wherein different 
properties were made the basis of the classifications. The most 
common classification, however, is as follows: (1) Anthracite. 
(2) Semt-anthracite. (3) Semi-bituminous. (4) Bituminous. 
(5) Sub-bituminous. (6) Lignite. 


ANTHRACITE is the best of all coals for steaming purposes. It ig 
practically all carbon. It is relatively clean and is difficult to ignite. 
It burns slowly with little smoke. 
Due to the fact that it is very hard 
it is frequently called hard coal. It 
has a high heating value, often liber- 
ating over 14,000 B.t.u. per lb. when 
burned in air. Since it contains a 
very small percentage of volatile, 
little flame results from its combus- 
tion. It is furnished by the trade in 
several sizes (Fig. 409). 

SEMI-ANTHRACITE burns more 
rapidly than does anthracite coal. 
It burns with a relatively short flame, 
but with a longer flame than that 
produced by anthracite. This is 


| 
| 
| 
higher in the semi-anthracite. It Leena. Morx.=3 44" Min. = 29% -- - ait) 


because the percentage of volatile is ae ae Moix.« £2 See 
Min.= 14% 
ink littl 
produces but few clin ets and tt S Fie. 409.—Actual sizes and names of 
smoke. It is also sometimes desig- some trade sizes of anthracite coal. 


nated as hard coal. 

SEMI-BITUMINOUS coal has an appearance similar to that of the anthra- 
cites. It has a very high heating value, contains little moisture and ash, 
and burns with but little smoke. It is somewhat softer than the so-called 
hard coals. It is excellent for steaming purposes, but due to the limited 
supply only small quantities of it are used. 

BiruMinovus coals are, in America, by far the most common. Due 
to variations in the percentages of volatile matter, some of the bituminous 
coals burn freely with a short flame while others burn with a longer flame. 
It is difficult to burn them without considerable smoke. Large clinkers 
are usually formed. This grade of coal is well adapted for gas-making 
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and is used extensively for that purpose. In the middle-western portion 
of America, it is the standard steam-power-plant coal. The heat value 
of the bituminous coals varies from below 10,000 to over 14,000 B.t.u. 
per pound. 

Sup-Brruminovs coal does not differ greatly from the bituminous. 
However, it has a lower heating value and slacks more readily, when 
exposed to weather, than do the bituminous coals. 

Lianrre is the lowest grade of coal. It has a brown color. The heat- 
ing value is low; it contains considerable moisture. It crumbles badly 
when dried and, due to its rapid deterioration, is difficult to transport. 
It is used only when other coals in the locality where it is found are very 
expensive. When made into briquettes, lignite makes a fairly good fuel. 


459. Peat Is Not Generally Classed As Coal.—It is very wet 
when found and must be dried before it can be burned. It is 
a poor fuel and is used only when other fuels are too expensive. 
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Fie. 410.—Pipeless warm-air furnace burning coal heats house. 


As shown in Table 451, the moisture content and the volatile 
matter are very high. However, most peats have lower B.t.u. 
values than that tabulated. Like lignite, if it is made into 
briquettes, a fairly good fuel results. 

460. The Selection Of A Proper Fuel is an important econo- 
mic problem. In selecting fuels for domestic uses (Fig. 410), 
the problem is not of great importance because the expendi- 
tures involved are relatively small. But, if a large building 
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is to be heated, the selection of a proper fuel is of more con- 
sequence. An error will affect the fuel bill materially. For 
the power plant, the problem is a still more formidable one. 
For this service, an error in the selection may mean an annual 
loss of thousands of dollars. 


Note.—Tuerte May Br Snverat Grapes Or Coat, Or, Or Gas 
AVAILABLE for the operation of a fuel-consuming device. Hence a 
decision must be made as to which to use. The factors which should be 
considered are many. A few are: (1) The kind, or kinds, of fuel available 
in the locality. (2) The comparative cost between the various fuels 
available. (3) The heat value of the different fuels and their grades. (4) 
The cost of handling. (5) Constancy of supply. (6) Equipment and 
capital necessary for installing the equipment. (7) Depreciation. (8) 
Cleanliness. (9) The nature of the load on the plant (load factor). That 
is, the load at certain periods may be greater than the maximum rate of 
combustion obtainable from a certain fuel. It is not within the scope of 
this book to consider such problems in detail. Each individual problem 
may involve different treatment. 


QUESTIONS OWN DIVISION 13 
1. What is fuel? 
2. Into what three general classes may fuels be divided? 
3. Why are straw, bagasse, sawmill refuse, etc., used for fuels? 
4. Is wood used for steaming purposes to any great extent at the present time? 
Explain. 
5. What are the factors that make coal an important fuel? 
6. How was coal formed? 
7. What is meant by a prepared fuel? 
8. How is charcoal made? For what purposes is it most generally used? 
9. What is the main constituent of coke? How is it made? 
10. What is the source of crude petroleum? 
11. Name the chief products of petroleum which are used as fuels. 
12. What process is generally used in preparing fuel oils from the crude petroleum? 
13. Why is not alcohol used more extensively as a fuel? 
14. From what source is benzol derived? Benzine? 
15. How is natural gas obtained from the earth? 
16. Is gas a desirable fuel? Why? 
17. Name and describe the method of manufacture of three prepared gaseous fuels 
18. How may the quality of a fuel be judged? 
19. What are the chief elements contained in coal? 
20. What is understood by the meaning of the term heat content? Explain. 
21. What two methods of making fuel analyses are in general use? 
22. Describe briefly the method of making a proximate analysis? 
23. What is meant by dry coal? As received? 
24, If a coal analysis shows it to have a high ash-content, what is the usual conclusion 
concerning the quality of the fuel? 
25. What are the usual burning characteristics of a coal having a high percentage of 
volatile matter? 
26. What are the elements determined by an ultimate analysis? 
27. Should an ultimate analysis be made on the coal while it is wet, or should it be 


dry? Give reasons for your answer. 
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28. Give the most common classification of coals. 
29. Specify the characteristics of each class of coal. 
30. What can be said of peat as a fuel? 


PROBLEMS ON DIVISION 13 


1. From the proximate analysis of a sample of coal, the contents were found to be: 
moisture, 12.50 per cent,.; volatile 25.00 per cent ; fixed carbon, 57.35 per cent.; ash, 
5.15 per cent. If the moisture is to be eliminated from the analysis, what will be the 
percentages of the other constituents? If the ash is eliminated from the analysis also, 
what percentage of the combustible is fixed carbon, and what percentage volatile? 

2. What is the approximate heating value of the coal given in Prob. 1 in B.t.u per 
pound? 

3. Two coals are available, each at $4.00 per ton. The percentages of the various 
constituents of one coal, as shown by a proximate analysis, are: moisture, 8.0; volatile, 
16.0; fixed carbon, 64.0; ash, 12.00. The contents of the second by percentages were 
found to be: moisture, 6.0; volatile, 40.0; fixed carbon, 50.00; ash, 4.0. Which coal 
would be the more economical for the power plant to purchase? (Neglect all factors 
except the heating value). 

4. What factors might cause the power plant manager to select the coal represented 
in Prob. 3 by the sample having the lower heating value? 


DIVISION 14 
COMBUSTION 


461. Combustion May Be Defined as the process of the 
chemical union of a fuel with oxygen at a rapid rate, whereby 
light is evolved and an appreciable quantity of heat energy 
is liberated. In ordinary parlance, combustion is burning. 
By “liberated” is here meant the transformation of the inter- 
nal chemical energy (Sec. 28) of the fuel and of the oxygen 
into heat energy. In Sec. 157 it is explained how heat is 
usually liberated when a chemical process occurs. The 
fuels which are ordinarily used for combustion and their 
constitutent elements are described in Div. 14. Combustion 
is what occurs when a fuel is burnt in a power-plant 
boiler furnace (Sec. 497). Now, most of the preventable 
losses in steam power plants occur in connection with the 
boiler and furnace (Sec. 499). A knowledge of combustion 
will enable one to minimize these losses. Hence, an under- 
standing of combustion is essential to the successful operation 
of steam power plants. 

462. Before Combustion Can Occur, The Temperature 
Of The Fuel Must Be Raised To The “Ignition” Or ‘“Kin- 
dling’? Temperature. The ignition temperature is that tem- 
perature at which the heat which is liberated by the union 
of the fuel with oxygen is evolved faster than it is conducted 
away. Then the fuel becomes hotter, the union proceeds 
more rapidly and this in turn heats the fuel and the immediate 
surroundings faster, until incandescence (flames) occurs. 
Oxidization—the slow union of the oxygen with a substance— 
may occur at any temperature. But combustion—the rapid 
union of oxygen with a substance—cannot occur below the 
ignition temperature. After the ignition temperature has 
once been attained (the fire “kindled” or “started”) by a 
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small portion of the fuel, the combustion will then proceed 
automatically. The heat released by the combustion of one 
small portion of the substance will heat other portions and so 
on until the entire mass is burning. 


Nors.—Tue Ienition TEMPERATURE For A Given SusstTance Is 
Nor A Frxep TEMPERATURE but depends on a number of factors such as: 
(1) The surface exposed by the consumed substance. (2) The pressure 
of the gas or vapor. (3) Tne presence or absence of adjacent substances. 
(4) The nature of the adjacent substances. Hence no definite ignition 
temperature can be given for a substance unless other factors are specified 
also. Ignition conditions are determined by several variables of which 
the temperature is only one. For the usual conditions in boiler furnaces, 
ignition temperatures are approximately: Bituminous coal, 766° F. 
Semi-bituminous coal, 870° F. Anthracite coal 925° F. 


463. The Principal Constitutents Of A Fuel Which Unite 
With Oxygen To Produce Combustion (Sec. 437) are: (1) 
Carbon. (2) Hydrogen. (3) Sulphur. When a substance 
is burned—when combustion occurs—its union with oxygen 
forms a third substance which is called the product of combus- 
tion. The weight of this product of combustion is exactly 
equal to the sum of the weights of the substances which united 
toform it. Furthermore, when two given substances combine 
to form a given product of combustion, they always combine 
in definite proportions by weight, and a definite amount of 
heat energy is liberated by the combustion. The amount 
of heat energy which is thus liberated by the combustion 
of the two given substances depends upon the weight of the 
two substances which have combined. The heat of combustion 
or calorific value of a fuel, as the terms are used in American 
boiler practice, is the heat, expressed in British thermal units, 
liberated by the complete combustion or oxidation of 1 Ib. 
of the fuel in question. 


Nore.—Tue Principat Supstancers Wuich Arg ContTainep IN 
Coat (Sec. 453) are carbon, hydrogen, oxygen, nitrogen, sulphur, moisture 
or water, and ash. However, as stated above, practically the only 
constituents of coal which will unite with oxygen during the process of 
combustion are carbon, hydrogen, and sulphur. The oxygen, nitrogen, 
moisture, and ash will not combine with oxygen during the combustion. 
Furthermore, the carbon, hydrogen, and sulphur usually exist in the coal 
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in such a condition that not all of them will combine with oxygen during 
combustion. However, the quantities of these substances which will 
not combine are so small that they may, in practice, be neglected without 
any appreciable error. 


464. The Oxygen Which Is Necessary For Combustion 
Is Usually Obtained From The Air.—Thus, in a coal-burning 
furnace the oxygen for combustion is supplied by the air which 
is forced through the furnace by the draft pressure. Atmos- 
pheric air is a mechanical mixture of oxygen, nitrogen, and 
other gases. Since the nitrogen and other gases are incom- 
bustible they will hereinafter be considered as jointly being 
one gas and will be referred to as “nitrogen.” 


Notre.—By Weicut, Air Contains 23 Per Cent. Or Oxygen AND 
77 Per Cent. Or Nitrogen. Hence, 100 lb. of air would contain 23 lb. 
of oxygen and 77 lb. of nitrogen. ‘Thus, if 23 lb. of oxygen is required 
for the combustion of a certain amount of coal, 100 lb. of air must be 
supplied to the furnace. Or, if 1 lb. of oxygen is required, 100 + 23 = 
4.35 lb. of air will be necessary to supply it. By volume, air contains 
approximately 21 per cent. of oxygen and 79 per cent. of nitrogen. 

Notp.—CoMPLETE ComBusTION is a combustion in-which the _com- 
bustible elements. and ‘compounds have united with all of the oxygen 

; with which they are capable of entering into combination. 


= 


465. The Complete Combustion Or Burning Of Carbon 
results in a product of combustion called carbon dioxide 
and the liberation of heat; see Sec. 157. That is, in the 
complete combustion of carbon in oxygen, the carbon (C) 
and the oxygen (Oz) unite and form carbon dioxide (CO2). 
The chemical formula which expresses this reaction is: 


(320) C + Oz = COz 
(321) 12 + 32 = 44 


Beneath the chemical symbols in the above formula are written 
the combining weights of the substances. That is, in the com- 
plete cc combustion of carbon, 12 lb. of carbon Ere with 32 
lb. of oxygenand forms 44 lb. of carbon dioxide. Or, by 
«simple proportion, it is evident that 1 lb. of carbon combines 
with 2.67 lb. of oxygen and forms 3.67 lb. of carbon dioxide. 

If measured at the same temperature and pressure, the volume 
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of the carbon dioxide (COz) which is formed is exactly equal 
to the volume of the oxygen (Os) from which it was formed. 
That is, if 100 cu. ft. of air was used to obtain the necessary 
amount of oxygen for the complete combustion of a certain 
amount of carbon, the products of combustion would be nitro- 
gen and carbon dioxide (CO). If measured at the same 
temperature and pressure as the 100 cu. ft. of air, there would 
be 21 cu. ft. of carbon dioxide (21 per cent.) and 79 cu. ft. of 
nitrogen (79 per cent). Compare these values with that of 
air (Sec. 464). The quantity of heat energy which is produced 
in the complete combustion of 1 lb. of carbon is about 14,650 
B.t.u. or the thermochemical equation for this reaction 
(Sec. 158) is: 


(322) 1 lb. C + 2.67 Ib. O2 = 3.67 lb. CO2 + 14,650 B.t.u. 


If the oxygen for combustion is obtained from the air (Sec. 
464), the weight of air which will be required for the complete 
burning of 1 Ib. of carbon (C) to carbon dioxide (CO:z) is 
4:35 50267 = 1161 lb: 


Nore.—Tue Burnine Or Any ComMBUsSTIBLE obeys the same general 
laws as does carbon. However, the product of combustion, the weight 
which will combine with a given weight of oxygen, the volume of the 
product of combustion, and the heat energy liberated, depends upon the 
combustible and upon the product of combustion. These various 
properties for the principal combustibles which occur in coal are tabulated 
in Table 467. 


466. Incomplete Combustion Of The Carbon Which Is 
In The Coal results in a waste of heat energy. Assume that 
1 lb. of carbon undergoes incomplete combustion. That is, 
instead of its being burned to carbon dioxide (COz) it is only 
burned to carbon monoxide CO. From Table 467, it is seen 
that the burning of 1 lb. of carbon to carbon monoxide releases 
4,430 B.t.u. whereas if it had been burned to carbon dioxide 
14,650 B.t.u. would have been liberated. Thus, for every 
pound of carbon which undergoes incomplete combustion 
(14,650-4,430) or 10,220 B.t.u. are wasted. Therefore, the- 
presence of carbon monoxide in the flue gases (Sec. 483) 
indicates a loss of available heat energy in the flue gases. 
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468. If Carbon Dioxide (CO;) Is Passed Over Incandescent 
Carbon (C) each molecule of carbon dioxide will join with a 
molecule of carbon and form two molecules of carbon monoxide 
(CO). This chemical reaction is expressed by the following 
formula: 


(323) C4 Co; = 260 
(324) 12 +44 = 56 


The numbers in For. (324), which are the combining weights 
of the substances, show that 1 lb. of carbon (C) combines with 
3.67 lb. of carbon dioxide (COz) and forms 4.67 lb. of carbon 
monoxide. If measured at thesame temperature and pressure, 
the volume of the carbon monoxide (CO) thus formed will be 
twice that of the carbon dioxide (COz). Instead of this 
reaction liberating heat energy, it absorbs heat energy—heat 
energy must be supplied to produce it. The amount of heat 
energy which is absorbed in reducing 1 lb. of carbon dioxide to 
carbon monoxide by the above process is about 1,580 B.t.u. 
A thermochemical equation for this reaction is therefore: 


(325) 0.273 1b. C +1 lb. CO2 = 1.273 lb. CO — 1,580 B.t.u. 
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Fie. 411.—Combustion on a coal-burning grate. 


Norz.—Tun Cummicat Reactions Wuicu Occur, To Some Extent 
Ar Least, In A Coat-BURNING FURNACE are represented in Fig. 411. 
When the oxygen from the air, which is supplied by the draft, comes in 
contact with the hot coals on the grate, the union of the carbon and the 
oxygen (Sec. 465) forms carbon dioxide and liberates heat energy. 
This reaction is expressed by For. (822). See also Fig. 411. As this 
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carbon dioxide gas passes through the upper layer of incandescent coal 
(which is constituted largely of carbon, Div. 13) where the air (oxygen) 
supply is restricted, it is reduced to carbon monoxide as explained above 
(For. 325). This process absorbs heat. The carbon monoxide thus 
formed continues to rise through the glowing coal to the top of the fuel 
bed. Then, if a sufficient quantity of air is admitted above the grate 
the carbon monoxide will be burned to carbon dioxide (Table 467). This 
process releases heat energy. If by the above described process, 1 lb. 
of carbon is burned to carbon dioxide, the total heat energy liberated, the 
total weight of air used, and the weight of the carbon dioxide which is 
formed will be the same as though the 1 lb. of carbon had been directly 
burned to carbon dioxide (Sec. 465). 


469. The Heating Value Of A Coal May Be Computed From 
The Ultimate Analysis (A. 8. M. E. Pownr Puant Test 
Conk, 1915) by the following formula: 


(326) H = 14,600C + 62,000 (7 = 5) + 4,0008 
(B.t.u. per lb.) 


Wherein: H = heating value of the coal, in British thermal 
units per pound. C,H, O,andS, = respectively, the weights 
in pounds, of the carbon, hydrogen, oxygen, and sulphur, which 
as shown by the ultimate analysis (Sec. 455), are contained 
in 1 lb. of the coal. See the note and the examples below. 
The above values of 14,600 B.t.u. per pound of carbon, 62,000 
B.t.u. per pound of hydrogen do not quite agree with the 
corresponding values given in Table 467. The reason for this 
is, doubtless, that the valuesin For. (326) are those which have 
been found by experiment to give the most-nearly, correct 
heating values for the most of the more common coals, whereas 
those in Table 467 are the values which have been determined 
by experiment for the pure elements. Also it is a fact that 
the quantity of heat which is liberated by the combustion of a 
compound may be more or less than the heat which would be 
liberated by the combustion of the elements which form the 
compound. And furthermore, forthe same reactions, the 
values which have been obtained by different authorities vary 
from one another. 

Nors.—Tue Weicuts, In Pounps, Or THE Various ConsTITUENTS 


Or A Fur, Wuica Are Conrarnep In 1 Ls. Or Tue Furn may be 
obtained by dividing the percentage values of the ultimate analysis (Sec, 
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455) by 100. Thus, if the ultimate analysis shows that a certain fuel 
contains 88.86 per cent. of carbon, each pound of the fuel contains: 88.68 
+ 100 = 0.886,8 lb. of carbon. 

EXAMPLE.—The ultimate analysis of anthracite coal (Wilkesbarre, 
Pa.) from Table 451 shows the following percentages: carbon, 88.86; 
hydrogen, 2.04; oxygen, 1.95; and sulphur, 0.35. What is the heating 
value of this coal, in British thermal units per pound, based on the results 
of the ultimate analysis? 

Souurion.—By For. (326): the heating value, H = 14,600C + 62,000 
(H — 0/8) + 4,000S = (14,600 X 0.8886) + 62,000 [0.0204 — (0.0195 + 
8)] + (4,000 x 0.0035) = 12,974 + 1,116 + 14 = 14,104 B.t.u. per 
lb. Note that this value is (14,104 — 18,950) = 154 B.t.u. per lb. greater 
than that given in Table 451. Thus, if the calorimetric value as given 
in Table 451, is taken as correct, the computed value is in error by about 
1.1 per cent. 


470. The Weight Of Oxygen Which Is Theoretically 
Required For The Complete Combustion Of A Fuel may be 
computed by the following formula: 


(327) Wo = 2.670 + 8(H = =) 18 (Ib.) 


Wherein: Wo = weight, in pounds, of oxygen which is theoret- 
ically required for the complete combustion of 1 Ib. of fuel. 
C, H, O, and S = respectively, the weights, in pounds, of the 
carbon, hydrogen, oxygen, and sulphur which are contained 
in 1 lb. of the fuel, as shown by the ultimate analysis (Sec. 455). 


DERIVATION.—The complete combustion of 1 lb. of carbon (Sec. 465) 
requires 2.67 lb. of oxygen. Therefore, if 1 lb. of a certain coal contains 
C lb. (100C per cent.) of carbon, then the weight, in pounds, of oxygen 
required to burn the carbon in 1 Ib. of the coal is 2.67 X C. By a similar 
line of reasoning S lb. of oxygen will be required to burn the sulphur in 
1 lb. of the coal. It is assumed that all of the oxygen which the ultimate 
analysis shows the coal to contain, is already combined with a part of the 
hydrogen and exists in the form of water of crystallization (H.O). 
Therefore, this part of the hydrogen which has already combined with 
oxygen cannot combine with any more oxygen, and, hence, it is incombus- 
tible. Since hydrogen and oxygen combine (Table 467) in the ratio of 
1 part hydrogen to 8 parts oxygen, the weight of the free hydrogen in 1 
lb. of coal which is available for combining with the supplied oxygen 
is (ZH — 0/8). Consequently (Table 467) the number of pounds of oxy- 
gen which is required to combine with (H — O/8) pounds of hydrogen 
is 8(H — O/8) pounds. Thus (The number of pounds of oxygen required 
to burn the carbon in 1 lb. of a fuel) + (The number of pounds of oxygen 
required to burn the free hydrogen in 1 1b. of the fuel) + (The number of 
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pounds of oxygen required to burn the sulphur in 1 lb. of fuel) = The total 
weight of oxygen which is theoretically required to burn 1 Ib. of the fuel. 
Or, expressing this symbolically, For. (327) results. 

ExampLye.—What is the weight of oxygen which is theoretically 
required to burn 20 lb. of anthracite coal (Wilkesbarre, Pa. Table 451)? 
So.ution.—From Table 451, anthracite coal (Wilkesbarre, Pa.) contains, 
88.86 per cent. of carbon, 2.04 per cent. hydrogen, 1.95 per cent. oxygen 
and 0.35 per cent. sulphur. That is 1 lb. of this coal contains the follow- 
ing weights of the various substances: carbon, 0.888,6 lb.; hydrogen, 
0.020,4 Ib.; oxygen, 0.019,5 lb.; sulphur, 0.003,5 lb. By For. (327): 
The weight of the oxygen which is theoretically required to burn 1 lb. of the 
fuel, Wo = 2.67C + 8(H — O/8) + S = 2.67 X 0.888,6 + 8(.020,4 — 
0.019,5 + 8) + 0.003,5 = 2.372,5 + 0.144,0 + 0.003,5 = 2.52 1b. 
Therefore, the weight of oxygen which is required to burn 20 lb. of the fuel 
=20 X 2.52 = 50.4 lb. 


471. The Weight Of Dry Air Which Is Theoretically 
Required For The Complete Combustion Of A Coal may be 
computed by the following formula. This formula follows 
from For. (327) by multiplying it by the value ‘4.35,’ the 
ratio of air weight to oxygen weight as explained in Sec. 464; 
that is, 4.35 Ib. of air must be used for each 1 lb. of oxygen which 
is required. 


Basyee Wa Ole 34.80( HZ 2 -) + 4.358 (Ib.) 


Wherein: W, = the weight, in pounds, of air which is theoreti- 
cally required to burn 1 Jb. of the coal. C, H,O, and S = re- 
spectively, weights in pounds of the carbon, hydrogen, oxygen, 
and sulphur, which, as determined from the ultimate analysis, 
are contained in 1 lb. of the fuel. 

Exampie.—What weight of air would be theoretically required for the 
complete combustion 1 ton (2,000 lb.) of the Wilkesbarre, Pa. anthracite 
coal (Table 451)? Soxturion.—By Table 451: C = 0.886,5, v= 
0.020,4, O = 0.019,5, and S = 0.003,5. By For. (828): The weight of 
air which is theoretically required for the complete combustion of 1 Ib. of 
the coal, Wa = 11.61C + 34.80 (H — O/8) + 4.35S = (11.61 X 0.886,5) 
+ 34.80 [0.020,4 — (0.019.5 + 8)] + (4.35 0.003,5) = 10.292,3 + 
0.626,4 + 0.015,2 = 10.934,0 1b. Therefore, the weight of air which is 
theoretically required for the complete combustion of 1 ton of this coal = 
2,000 X 10.934,0 = 21,868 1b. 


472. The Amount Of Air Which Must Actually Be Supplied 
For Approximately Complete Combustion Is Considerably 
Greater Than That Which Is Theoretically Necessary (Sec. 
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471). For oxygen to unite with carbon, the oxygen molecules 
must come in intimate contact with the carbon molecules for 
an appreciable period of time. To get an oxygen molecule 
to come in intimate contact with each of the carbon molecules, 
a much greater number of oxygen molecules must be supplied 
than are theoretically necessary. When the oxygen for com- 
bustion is obtained from the air, the presence of the nitrogen 
molecules tends to prevent the oxygen molecules from con- 
tacting with the carbon. Also this intimate contact is further 
retarded by the irregularity in the passage of air through the 
fuel bed due to uneven thickness of the fire, variation in the size 
of the coal, clinkers, ashes. and the like. 


Nors.—Mosr Erricient Compustion Or Coat Is OspTainsD WHEN 
Tue Air Suppiiep Is From Asout 30 To 50 Par Cunt. GREATER THAN 
Tuat Wuicu Is THEorETICALLY ReQquireD. The amount of excess air 
which should be supplied will vary over wide limits, depending upon the 
design of the furnace, the kind of coal which is being burned, and the 
manner of firing the coal. As will be shown hereinafter, too much air or 
too little air will result in a waste of heat energy which can ordinarily be 
prevented by careful and intelligent firing. The amount of excess air 
for the most economical combustion must be determined by trial for each 
individual case. 


473. The Flue Gases, Or The Products Of Combustion Of 
Coal when completely burned in oxygen will consist of (1) 
Carbon dioxide. (2) Water vapor. and (3) A litile sulphur 
dioxide or sulphur trioxide. If a part of the carbon is incom- 
pletely burned, the flue gases, in addition to the above, will 
contain some carbon monoxide. In the ordinary coal-burning 
furnace where the oxygen for combustion (Sec. 464) is obtained 
from the air, the flue gases will consist principally of carbon 
dioxide, carbon monoxide, water vapor, nitrogen, and oxygen. 
Nitrogen is present in the flue gases because the nitrogen of 
the air is incombustible (Sec. 463) and is not changed in passing 
through the furnace. Oxygen is present because, due to the 
excess of air (Sec. 472), all of the oxygen cannot combine with 
the combustibles of the coal. Hence, some of the oxygen 
passes unchanged through the fuel bed and into the flue gases. 
The sulphur dioxide or sulphur trioxide composes such a small 
percentage of the flue gases that it is usually disregarded. 


Src. 474] . COMBUSTION 449 


474, Flue-gas Analysis consists in determining the percent- 
age by volume of the carbon dioxide, carbon monoxide, oxygen, 
and nitrogen. There are various methods of making this 
determination. One method is briefly described in the follow- 
ing section. As shown hereinafter in this division, the results 
of a flue-gas analysis may be used to determine whether or not 
the fuel is being economically burned. 

In this apparatus, as is explained below, a known volume of 
the flue gas to be tested is forced successively into une glass 
pipettes C, D, and £. 
Each of these pipettes con- sy, 
tains a chemical which will Worter Bottle-..->>lt |B] 
absorb certain of the gas h 
constituents of the flue 
gas. Thereby the percent- 
age by volume of each of 
the constituents can be 
measured. 

475. The Most Common 
Method Of Making A Flue 
Gas Analysis Is By Means 
Of The Orsat Apparatus 
(Fig. 412). 

ExpLANATION.—By manipu- 
lating the water bottle, B, 
(Fig. 412) exactly 100 c.c. Ne 
(cubic centimeters) of the flue | i ZN 
gas which is to be analyzed is ‘i 
drawn into the graduated 
burette, A. By again manipu- 
lating the water bottle, this 
100-c.c. gas sample is passed 
into and out of the ES Fia. 412.—Orsat apparatus for analyzing 
pipette, C, several times. Hue vases 
Pipette C contains a solution 
of potassium hydroxide which absorbs the carbon dioxide that is in the 
flue gas. After all of the carbon dioxide has thus been removed from the 
flue gas sample, the remainder of the sample is passed back into A and 
measured. Since the carbon dioxide has been removed, the gas which 
still remains will have a volume which is somewhat less than 100 c.c. 
The decrease in volume indicates the percentage, by volume, of the 


carbon dioxide (COz) in the flue gas. 
29 


t' Wooden Case 
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In like manner the remainder of the gas is introduced into pipette D, 
which contains a solution of potassium pyrogallate. The potassium 
pyrogallate absorbs the oxygen from the flue gas sample. After the 
oxygen has been removed, the remainder of the gas is passed into pipette 
E which contains an acidulated solution of cuprous chloride. This 
absorbs the carbon monoxide. The shrinkage in volume, in each case 
indicates, respectively, the percentage by volume, of oxygen and carbon 
monoxide. After the carbon dioxide, oxygen, and carbon monoxide 
have been removed from the flue gas sample, the remainder consists 
principally of nitrogen. Although this remainder consists of nitrogen 
and a small quantity of other gases, it is, in the flue gas analysis, called 
nitrogen. 

ExAmpLe.—Assume that 100 ¢.c. of the flue-gas sample is originally 
drawn into burette A of Fig. 412. After the sample has been passed 
through pipette C a number of times and then measured, it is found that 
the volume is now 88 c.c. Thus, the sample contains: 100 — 88 = 
12 c.c. of carbon dioxide, or the proportion by volume of the carbon 
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Fia. 413.—Showing changes in the composition of 100 cu. ft. air which are drawn into a 
boiler furnace and used to burn the fuel. 


dioxide is 12499, or 12 percent. After the oxygen has been removed by 
passing the remainder of the sample through pipette D, the volume as 
measured in A is 82¢.c. That is there were: 88 — 82 = 6c.c. of oxygen 
in the original 100 c.c. of the gas, or the proportion by volume, of the 
oxygen is 6 per cent. After the remainder of the sample has had the 
carbon monoxide removed by passing it into pipette H, the volume is 
found to be 81.4 c.c. Thus, the proportion by volume of the carbon 
monoxide is: 82 — 81.4, or 0.6 per cent. Since, there are 81.4 c.c. yet 
remaining, the percentage, by volume, of nitrogen is 81.4 per cent. 
Norre.—Tue Fiur-cas Anatysis Dozrs Not Reveat Att Or THE 
Propucts Or Compustion (Fig. 413)—the water vapor (H2O) is con- 
densed and therefore is not measured. The flue-gas apparatus therefore 
analyzes only the dry part of the flue gases. For this reason the percent- 
age by volume of the nitrogen as determined by the flue-gas analysis will 
always be greater than 79 which is (Sec. 464) the percentage by volume of 
nitrogen in the air. The nitrogen must necessarily constitute a larger 
portion of the dry gases than of the total. Stated in another form: 
The sum of (the percentage by volume of the carbon dioxide) +- (That of the 


’ 
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oxygen) + (44 that of the carbon monoxide) will always be less than 21. 
From the preceding it is obvious that, with a fuel containing hydrogen, 
it is impossible to get the full 21 per cent. of CO, in the flue gases, even 
with perfect combustion and no excess air. Some engineers erroneously 
believe that 21 per cent. is the ideal. 

476. The Weight Of Air Which Is Actually Being Supplied 
For Burning Each Pound Of Fuel may be computed with 
commercial accuracy (see note below) by the following formula: 
(329) Wa. = 3.036055 ag (pounds) 
Wherein: W, = weight of air, in pounds, which is being 
supplied to the furnace for each pound of coal which is being 
burned at the time the flue gassample wastaken. C = number 
of pounds of carbon contained in 1 lb. of coal as determined 
from the ultimate analysis. N, CO2z, and CO = the respective 
percentages, by volume, of the nitrogen, carbon dioxide, and 
earbon monoxide as obtained by the flue-gas analysis (Sec. 

475). If any of the carbon which is in the coal is unburned 
and is removed from the grate in the ashes, then C should be 
taken as the weight of carbon actually burned per pound of 
fuel consumed. 

Nore.—Ture Onty Mrersop Wueresy THe Amount Or Compusti- 
BLE Wuicu Is Conrarnep In Tue Asnues May Br Exactity Drterr- 
miIneD Is By An Anatysis Or A SampLe of the refuse from the furnace. 
The above formula will result in only approximate values, since in its 
derivation, the air which enters the furnace is assumed to be dry and 
the only combustible which is considered to be in the fuel is carbon. 
Thus the hydrogen and the sulphur content of the coal is neglected. 
However, for most coals, the application of For. (329) will result in a value 
which is sufficiently accurate for all practical purposes; the error in using 
it does not ordinarily exceed 0.2 per cent. 

477. The Percentage Excess Of The Air Which Is Being 
Supplied Above That Which Is Theoretically Required may 
be determined by the following formula: 

N 
(330) X = (y—3799(0 = 3400) ~ 1) 
Wherein: X = percentage of excess air above that which is 
theoretically required. N, O, and CO = respectively, the 
percentages, by volume, of the nitrogen, oxygen, and carbon 
monoxide as obtained by the flue-gas analysis. 


x 100 (per cent.) 
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478. The Weight Of The Dry Flue Gases Per Pound Of 
Coal Burned may be computed by the following formula: 


_ 71100, + 80 + 7(CO + N) 
eu) r= 3(CO, + CO) Je 


Wherein: Wp = weight, in pounds, of the dry flue gases per 
pound of coal burned. CO2, O, CO, and N = respectively, 
the percentages by volume of carbon dioxide, oxygen, carbon 
monoxide, and nitrogen from the flue-gas analysis. C = 
weight, in pounds, of carbon which is burned per pound of 
fuel. If there is no loss of carbon to the ashes (Sec. 482), 
the weight of gas, Wp, determined by the above formula is 
per pound of dry or moist fuel as the percentage of carbon 
from which C is determined is referred to a dry or moist basis. 

479. The Theoretical Temperature Produced By Combus- 
tion with dry air of dry coal containing no hydrogen may be 
computed by the following formula: 


H : 
(332) eM ah oyera (deg. F.) 


(Ib.) 


Wherein: 7’ = the temperature, in degrees Fahrenheit, which 
is produced by combustion of the fuel. 74 = temperature, in 
degrees Fahrenheit, of the air entering the furnace. H = 
heating value, in British thermal units per pound, of the coal 
as determined by For. (326). Wp = the weight, in pounds, 
of. the products of combustion per pound of fuel burned as 
determined by For. (831). The value of 0.24 is taken as the 
mean specific heat of the products of combustion over the 
temperature range from 7, to T. However, due to radia- 
tion, to the fact that all coals contain moisture and hydrogen, 
and that the air always contains some moisture, and to other 
losses, this theoretical temperature can never be attained in 
practice. The temperatures actually attained in a boiler 
furnace, under normal conditions, are likely to be in the 
neighborhood of those suggested in Fig. 64. 

480. The Chemical Energy Of A Fuel Is Not All Utilized In 
A Boiler.—Only a portion of the fuel’s chemical energy is 
actually liberated and transferred to the water and steam in 
the boiler. The balance of the chemical energy is wasted, 
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partly as chemical energy and partly as heat energy. Hence 
the energy of the fuel is divided in the boiler into two parts: 
(1) Heat utilized. (2) Energy wasted. The wasted energy 
is often called the heat loss. The different ways in which 
energy is wasted are described in Sec. 481. A heat balance 
(Sec. 489) is a tabulation which shows how the chemical energy 
of the fuel is divided into utilized heat and various losses. 

481. The Heat Losses In A Steam-boiler Furnace occur 
through the following channels: (1) Unburned fuel in the 
ash. (2) Combustible in the flue gas, usually in the form of 
carbon monoxide, Sec. 466. (3) Heat carried away in the 
dry flue gases. (4) Free moisture in the coal. (5) Moisture 
formed by burning the free hydrogen in the coal to water vapor. 
(6) Moisture in the air which is supplied to the furnace. (7) 
Radiation and unaccounted losses. Each of these losses is 
discussed in following sections. 

482. The Heat Loss Due To The Unburned Fuel In The Ash 
may be computed by the following formula, which is based 
on the assumption that all of the unburned combustible which 
drops from the grate to the ash pit is carbon: 


(333) H, = 14,650AC (B.t.u. per Ib.) 


Wherein: H, = the heat, in British thermal units, which is 
lost for each pound of coal burned because of unburned carbon 
rejected in the ashes. A = weight, in pounds, of ash per 
pound of coal, as determined by the ultimate analysis of the 
coal. C = weight, in pounds of carbon per pound of ash, as 
determined by analysis of the ashes which are rejected from 
the furnace. Whether or not this loss is large or small will 
depend upon the grate or stoker, the kind and size of coal being 
fired, the rate of combustion, and upon the care which is 
exercised by the fireman. In practice, this loss varies from 
practically zero to 15 or 20 per cent. of the heating value of the 
coal. It reaches these maximum values only when the rate of 
combustion is excessive, due to large overloads, or when the 
firemen grows careless. An average value for good practice 
would probably be 3 to 5 per cent. 

483. The Heat Loss Which Is Occasioned By Carbon 
Monoxide Escaping In The Flue Gases (Secs. 466 and 468) 
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may be read from Fig. 414 or it may be computed by the 
following formula: 


CO 


Wherein: Heo = the heat, in British thermal units, which is 
lost from each pound of coal burned due to carbon monoxide 
which escapes with the flue 


£1800 os 
E200 ; LE gases. CO and CO: = respec- 
31000 e534 tively, the percentages by 
= 900 A volume of the carbon dioxide 
& 600 and the carbon monoxide as 
§ 400 HE obtained by the flue-gas analysis 
ono Pe ees Trt (See. 475). .C = weight aim 

O2 04 06 05 10 2 It 16 16 pounds, of carbon. actually 


Per Cent, CO In Flue Gas 
Fie, 414.—Graphs for finding heat burned per pound of fuel con- 


Go cet a the flue gases (H. sumed. If the amount of car- 

; bon which leaks into the ash 
pit (Sec. 482) is small, C may be taken from the ultimate 
analysis values without causing any appreciable error. In 
general, the loss due to carbon monoxide is negligible (see 
also Sec. 494). 

484. A Considerable Quantity Of Heat Is Carried Out Of 
The Furnace By The Flue Gases.—The air and fuel are 
admitted to the furnace at a temperature somewhere near 
that of the boiler room. They leave the furnace, in the form 
of products of combustion, by way of the stack at a tempera- 
ture somewhere around 500° F. The heat which is thus lost 
may be computed by the following formula: 


(335) Hp = 0.24Wp (T2 — 7) (B.t.u. per Ib.) 


Wherein: Hp = heat, in British thermal units, which is lost 
in the escaping flue gases for each pound of fuel which is 
burned. Wp = weight, in pounds, of the products of com- 
bustion for each pound of fuel burned as determined by For. 
(331), Sec. 478. 7: = temperature, in degrees Fahrenheit, of 
the flue gases measured at the point where the products of 
combustion leave the boiler. 7, = temperature, in degrees 
Fahrenheit, of the air supplied to the furnace. 0.24 = the 
mean specific heat at constant pressure (approximately) of 
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the flue gases. 
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The loss due to this source cannot be elimi- 


nated. It can be minimized by keeping both Wp and T, at the 
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Fie. 415.—Showing how losses in 
dry flue gases vary with the percentage 
of excess air. The values shown are 
not to be taken as representative. 
The variation, however, is shown 
about as it usually occurs. 


lowest reasonable values. Since 
Wer depends on the percentage 
of excess air, and since without 
sufficient excess air the other 
losses become excessive, some 
reasonable value of Wp (some- 
what in excess of the theoretical) 
must be tolerated; see Fig. 415. 
Likewise, since the value of T»2 
usually determines the draft 
pressure (Sec. 256) here too a 
compromise must be made. In 
good practice the heat loss due 
to the heating of the flue gases 
can be reduced to about 15 per 
cent. 


Exampie.—A GrapuicaL MrersHop 
Or Finpine Tue Heat Loss In Tue 
Dry Fuiun Gases involves the use 
of the charts of Fig. 416 and 417. 
Suppose a given fuel contains 10 per 


Fie, 416.—Graphs showing per- 


centages of excess air corresponding 
to different COz percentages for fuels 
containing hydrogen. 
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Fra. 417.—Graphs for finding heat 
loss in dry flue gases. (See example 
in text.) 


cent. of hydrogen per lb. of combustible and that a flue-gas analysis 
shows 11 per cent. CO, Then, by Fig. 416, the combustion requires 


20 Ib. of air per lb, of combustible. 


Therefore, the weight of gases per 
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pound of combustible will be (20 +1) = 211b. Now, if the temperature 
of the flue gases is 560° F. and atmospheric temperature is 60° F., then 
by Fig. 417, at the intersection of the 21 lb. and the 500° F. lines, the 
heat loss = 2,500 B.t.u. per pound of combustible. 

485. The Heat Which Is Lost Through The Free Moisture 
Contained In The Coal (Fig. 418) is occasioned by the fact that 
the temperature of the moisture must be raised from that of 
the coal when fired to about 212° F., then evaporated, and then 
to the temperature of the escaping flue gas. The quantity 
of heat which is thus lost per pound of fuel burned may be 
computed by: 

(336) Hy = M[(212 — Ti) + 970.4 + 0.48(T2 — 212)] 
_ (B.t.u. per Ib.) 
Wherein: Hy, = the heat, in British thermal units, which is 
lost per pound of fuel burned because of the free moisture 
which is contained in the coal. 


a Fat Mastureth Opel M oe weight, in pounds, of the 
he i moisture in each pound of coal 
Fhe mt as determined by the proximate 
& 400 | analysis of the coal as fired. TT, 
ane ee and 7’. = respectively, the tem- 
Gy f=x== perature, in degrees Fahrenheit, 
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Fia. 418.—Graphs showing loss due WE AU es flue Seek) (Sec. 661). 

to moisture in coal for a boiler-room ‘The loss due to moisture in the 

temperature of 80° F. (H.O’NeiLuin Cea) 

Hera coal cannot be eliminated. It 

1s minimized when the flue gases 

leave the boiler at the reasonable minimum temperature (Sec. 

484). In good practice this loss seldom exceeds 1 to 2 per cent. 
Derivation of For. (336). The expression “(212 — 71)” represents 

the heat required to raise 1 lb. of water, which has a specific heat of 

“1,” from the boiler-room temperature up to the boiling point. The 

value “970.4” is the latent heat of vaporization of 1 lb. of water. The 

expression ‘‘0.48(7', — 212)” represents the heat required to increase 


the temperature of 1 lb. of the vapor from the vaporizing temperature, 
212° F., up to the temperature of the flue gases. 


486. There Is A Real Loss From The Furnace Due To The 
Water Vapor Which Is Formed By The Burning Of The 
Hydrogen In The Coal (Table 467 and Fig. 419). This unpre- 
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ventable loss results from the same reasons as those outlined 
in Sec. 485 for the free moisture contained in the coal. It may 
be computed by the following formula: 


(337) Hy = 9H[(212 — Ti) + 970.4 + 0.48(T2 — 212)] 
(B.t.u. per lb.) 


Wherein: Hz = heat, in British thermal units, which is lost per 
pound of fuel burned due to the hydrogen content of the fuel. 
H =the weight, in pounds of 
hydrogen per pound of fuel, as 
determined by the ultimate 
analysis (Sec.455). Ti and 7’; = 
respectively, the temperature, 3 
in degrees Fahrenheit, of the e 
boiler room and the tempera- § ols ae 

ture of the escaping flue gases. et de herons ae 
The loss due to hydrogen cannot Fia. 419.—Graphs showing loss due 
be eliminated. It can be min- to hydrogen in coal. (H. O’Nermu in 
imized by cooling the flue gases, pikes 

in the boiler, to a reasonable minimum value (Sec. 484). In 
good practice, this loss runs from practically zero for anthra- 
cite coals to about 4 per cent. for coals high in hydrogen. 


Derivation.—The weight of water formed is always 9 times that of the 
hydrogen from which it is formed. The derivation of the remainder of 
the equation will be obvious from that given under For. (336). 


487. There Will Also Be A Heat Loss Occasioned By The 
Moisture Contained In The Air.—This moisture is already in 
the form of vapor when it enters the furnace. Consequently, 
the heat of the liquid (Sec. 363) and the latent heat of vaporiza- 
tion (Sec. 364) do not have to be added to this moisture. 
Therefore, the only heat which is carried out of the furnace by 
the moisture (water vapor) in the air is that which is necessary 
to raise its temperature from that of the ingoing air to that 
of the escaping flue gases. This loss may be computed by the 
following formula: 


(338) Hy = 0.47 WrW.(T2 — Ti) (B.t.u. per lb.) 


Wherein: Hy = the heat, in British thermal units, which is lost 
per pound of fuel burned, due to the moisture in the air. Wy 
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= weight, in pounds, of moisture per pound of air supplied to 
the furnace. This value can be obtained by means of a wet- 
and-dry-bulb thermometer and psychrometric chart (see Div. 
10). a = weight of air, in pounds, per pound of fuel as 
obtained from For. (329), Sec. 476. T1and 7, = respectively, 
the temperatures, in degrees Fahrenheit, of the air entering 
the ash pit and of the escaping flue gases. 0.47 = the mean 
specific heat of steam between the temperatures 7, and 7. 
and at atmospheric pressure. This loss is comparatively small 
and is frequently not computed. It may be minimized by 
keeping W, at a reasonable minimum (see Sec. 484). In good 
practice it seldom exceeds 1 per cent. When not computed, it 
is included in the unaccountable losses (Sec. 488). 

488. The Losses Of Heat From The Furnace Which Are 
Due To “Radiation And Unaccounted Losses” (Hz in For. 
(339) are either impossible or impracticable tocompute. These 
losses include: (1) Radiation loss. This loss will vary with the 
size of the unit, the condition of the setting and the like. 
It may be decreased by jacketing with a non-conducting mate- 
rial. (2) Loss due to unburned volatile hyd: ocarbons (see See. 
494). (8) Loss due to the hydrogen which may be formed by 
the chemical union of carbon and moisture (C + H,0 = CO + 
H2). (4) Other losses not otherwise accounted for as, for example, 
the errors in observations. These ‘‘radiation and unaccounted 
losses’? are computed, in an evaporation test, by: 100 — 
(boiler efficiency + the percentages of six losses as outlined 
in Secs. 481 to 487) = percentage of radiation and unac- 
counted losses. The magnitude of these losses varies, in good 
practice, from about 2 to 3 per cent. for very large boilers 
operating at high rates, to 7-8 per cent. for medium sized 
boilers, and 12-15 per cent. for small boilers operating at 
low rates. 

489. The ‘Heat Balance” For A Boiler Furnace is, as was 
suggested in Sec. 488, a tabulation of the utilized heat and the 
several losses which occur at the boiler. The heat balance 
may be written as a formula, thus: 


(339) H = Hy + (Hu + Heo + Hp + Huy + Ha + Hy + Ap) 
(B.t.u. per lb.) 


Sxc. 490] COMBUSTION 459 


Wherein: H = heating value of the fuel, in British thermal 
units per pound, as determined by analysis or calorimeter test. 
Hy = the heat utilized in evaporating water from each pound 
of fuel, in British thermal units. Hp = the heat lost per pound 
of fuel due to radiation and unaccounted for, in British thermal 
units. The other symbols hav- 

, E i 0.2 % Lost By Evaporating Moisture In Coal., 
ing the same meanings as in /4% Lost in Unburned Carbon Monoxide. 


3.3% Radiation And Unaccounted-Tor Losses is 
Fors. (333) to (338). IL % Lost In Dry Flue Gusts. gogrite 
= 
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are pictured in Fig. 420. 1.7% Lost In Combustible ketuse-- 
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490. The Formula For Boiler 2% 747/79 Value of com 
Efficiency or, more properly Fie, 420.—Chart showing heat 
“the boiler, furnace, and grate 24vo-hp. ‘boiler operating at 137 per 
efficiency, ”’ follows directly cent. of rated load. This chart shows 
from For. (339). (See also “” So Read 
Sec. 499 for another equivalent method of expressing this 
efficiency.) Thus, since it is always true that: Efficiency = 
(Output) + (Input), it follows that: 

(Heat value) — (Losses) Heat utilized 


a0): Ber Heat value ~ "Heat value 


K< ml 
Ms BERR 


Now, since the portion of For. (339) which is included in the 
parentheses represents the losses, it follows that: 


(341) Ese = osses = a (deat) 


Wherein: E = the efficiency of the boiler, furnace, and grate, 
expressed as a decimal. The other symbols have the same 
meanings as in the preceding. 

EXAMPLE.—lIf the heating value of a coal is 14,000 B.t.u. per lb. and 
of this, the heat utilized in a certain boiler installation in evaporating the 
water is 10,892 B.t.u. per lb., what is the efficiency of the boiler? Soxv- 
TIon.—Substitute in For. (341): E = Hy/H = 10,892 + 14, 000 = 
77.8 per cent. = boiler efficiency. See also Fig. 420. 


491. The Rate Of Combustion Of Coal is usually con- 
sidered to be the number of pounds of coal burned per square 
foot of grate surface per hour. The rate of combustion 
depends upon the draft pressure, the kind of coal being burned, 
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the design of the furnace, and the skill of the fireman. If the 
fuel bed is kept at the proper thickness (4 to 14 in., depending 
on the kind of coal) the rate of combustion will be increased 
if the quantity of air which flows through the fire is increased; 
the rate will be decreased if the air flowis decreased. Roughly, 
the rates of combustion for different fuels, in pounds per square 
foot of grate surface per hour, are (1) Anthracite, 15. (2) 
Semi-anthracite, 16. (3) Semi-bituminous, 18. (4) Eastern- 
bituminous, 20. (4) Western-bituminous, 30. 

492. The Efficient Or Inefficient Burning Of Coal In Boiler 
Furnaces depends upon whether or not the greatest possible 
amount of the heat which is releasable by combustion (Sec. 
452) is utilized in evaporating the water in the boiler. Some 
of the chemical energy of the fuel will always be wasted. How- 
ever, the amount which is wasted is, to a large extent, within 
the control of the fireman. The moisture losses (Secs. 485, 
486 and 487) cannot ordinarily be controlled by the fireman. 
These are sometimes called the wnpreventable losses. The 
heat loss which is caused by carbon being rejected in the ashes 
(Sec. 482), that which is caused by being carried out by the flue 
gas (Sec. 484), and that which is caused by carbon monoxide 
escaping in the flue gas (Sec. 483), cannot be entirely elimi- 
nated. But, since they may be minimized by proper 
firing, they are sometimes called the preventable losses. Thus, 
by exercising proper care in handling the coal and in clearing 
the fire, the amount of coal (unburned carbon) which is rejected 
in the ashes may be reduced toa minimum. The stack losses 
(Sec. 484) and the unburned combustible in the flue gas (Sec. 
483) are discussed in the following sections. 

493. In General, The Percentage Of Carbon Dioxide (CO,.) 
Which Is Contained In The Flue Gases Indicates The Amount 
Of Excess Air Which Is Being Used (Fig. 416). Assuming 
that the flue gases contain no CO (carbon monoxide) a high 
percentage of CO2(Sec. 483) indicates a small amount of excess 
air, and a low percentage of CO, indicates a large amount of 
excess alr. The percentage of O2 (oxygen, Sec. 475) would 
be a better indication of the quantity of excess air, but it is 
more difficult to determine than is the COy. The greater the 
value of the excess air which flows through the furnace, the 
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greater will be the weight of the flue gases per pound of fuel 
burned, and (Sec. 484) the greater will be the quantity of heat 
which is lost by being carried out of the furnace by the flue 
gases. The general procedure to 
be followed to obtain a high CO, 
value and consequently a low per- 
centage of excess air, is outlined in > 
the note below. 


Nore.—Tur Gunnran Meruop For ! 
OsTainine A High PercentacEe Or CO, © 
—12 to 15 per cent.—is as follows: With 
a lighted candle (Fig. 421), explore the ‘po yop > Boiler 
entire outer surface of the boiler setting 47#/e55 Box Bere 
for leaks. Wherever there is a leak in Fia, 421.—Lighted candle used 
the setting there will be a tendency to hare Meisel ck ine 
draw the candle flame into the setting. 44 both ends) ie used around the 
Test carefully at joints and where pipes candle to protect it from side drafts. 
and breechings enter. Using a sharp- 
ened wooden stick as the caulking tool, caulk all leaks with a thin 
mixture of fireclay and cotton waste. Do not use lime or cement 
mortar because it will fall out after drying. Then, adjust the thick- 
ness of the fire so that the highest percentage of COz2 (usually 12 to 15 
per cent.) is obtained with the smallest draft pressure over the fuel bed 
that will carry the load. This will have to be determined by a “cut 

and try” for each individual condi- 
_tion. The thickness of the fire can be 
«x measured by ‘‘calibrating”’ (Fig. 422) 
the fire hoe. This is done by placing 
re marks on the hoe 1 in. apart with a 
: pumice-stone pencil. The draft pres- 
x, sure over the fuel bed is measured 

“3; with a draft gage (Sec. 676). The 

Fria. 422.—Calibrated fire hoe for percentage of CO: is obtained by the 

determining the thickness of the fire. flue-gas analyzer (Sec. 475). The 

fuel bed must be kept clean and free 
from holes. If the above procedure is judiciously followed, a high per- 
centage of CO, can usually be obtained with practically no CO. 


1" standard 
Pipe Handle | 


“Marks I Apar# ~~ 9" > 


494. If The Flue Gases Contain More Than A Trace Of CO 
(Carbon Monoxide) A Large Amount Of Heat Is Being Wasted 
Which Can Be Prevented. The U.S. Geological Survey found 
that by decreasing the percentage of CO from 0.7 per cent. to 
(.3 per cent., the efficiency of combustion was increased from 
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57 to 65 per cent. That is, a 2 per cent. increase in the furnace 
efficiency resulted for every 0.1 per cent. decrease, by volume, 
of the CO in the chimney gases. This is about 4 times the 
theoretical amount which would be obtained by For. (334) 
of Sec. 483. The reason for this excess above the theoretical 
loss (Sec. 483) is that the presence of an appreciable amount of 
CO in the flue gases is usually accompanied by unburned 
hydrocarbons and hydrogen. When the air supply is insuffi- 
cient (Sec. 472), or if sufficient and not properly distributed, 
the combustion of the carbon will be incomplete (Sec. 466) 
and CO will be formed. See note below. 


Nors.—Tue Percentace, By Votums, Or Tae CO (Carson Monox- 
1De) Witt GEnrRALLy Bre Very Smauu, Even Wirn A SmMatt AMOUNT 
Or Excess Air, Ir A Hicu Percentace Or CO2 (CARBON DIOXIDE) 
Has Bren Oprarnep as explained in the preceding section. However, 
large amounts of CO may exist with almost any amount of CO2. Thus, 
if the fire is thick and dirty in one part of the furnace, the coal in this 
portion will not receive sufficient oxygen for complete combustion. Con- 
sequently, a large quantity of CO will result. If, at the same time, 
there is a thin place or a hole in another part of the fire, a large amount 
of air will rush through, and the CO, will be small. Do not attempt to 
secure a high percentage volume of CO, by cutting down the air supply 
only. If this is done, it will usually result in the formation of CO 


QUESTIONS ON DIVISION 14 


1. Define combustion. 

2. What are the principal substances which are contained in coal? 

3. From what source is the oxygen for the combustion of coal in a furnace usually 
obtained? 

4, What are the principal constituents of air? In what proportions do these con- 
stituents exist by volume? By weight? 

5. Explain what occurs when 1 lb. of carbon is completely burned in air? * 

6. Explain with a diagram the chemical reaction which occurs to some extent ina 
furnace when carbon dioxide is reduced to carbon monoxide. 

7. Explain what occurs when 1 lb. of carbon is incompletely burned to carbon 
monoxide. 

8. Why must the quantity of air which is supplied to a furnace be greater than 
that which is theoretically necessary for the combustion? 

9. What are the principal products of combustion which are formed when coal is 
burned in air? 

10. What is meant by flue-gas analysis? Describe, briefly, a commonly employed 
method of making a flue-gas analysis. 

11. Why cannot the sum of the percentages, by volume, of the oxygen, the carbon 
dioxide, and 1% the carbon monoxide be equal to the percentage, by volume, of the 
oxygen in the air which was supplied to the furnace? 

12. Name and explain 7 different wyas in which heat from a boiler furnace is lost? 

18. Which of the avenues of heat loss from a boiler furnace may be practically con- 
trolled by the fireman? 
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14. What is meant by ‘‘rate of combustion?”’ For a given grate burning a given coal, 
what things govern the rate of combustion? 

15. In general, what does a high percentage, by volume, of COz in the flue gases 
indicate? 

16. Explain the general methods for obtaining a high percentage of COz and a low 
percentage of CO. 

17. Why does CO in the flue gas indicate a low efficiency of combustion? 


PROBLEMS ON DIVISION 14° 


1. The percentages, by volume, of a flue-gas analysis are reported as follows: Carbon 
dioxide, 8 per cent.; oxygen, 7 per cent.; carbon monoxide 1 per cent.; nitrogen, 84 
per cent. What is the weight of air which is being supplied per pound of fuel if 0.8 
lb. of carbon is burned in the furnace for each pound of fuel which is fired? 

2. What is the percentage of excess air which is being supplied in Prob. 1? 

3. What is the weight of the dry flue gases formed per pound of fuel burned in Prob. 1? 

4. If 0.8 lb. of carbon is burned in the furnace for each pound of fuel fired, what is 
the heat loss per pound of fuel due to incomplete combustion? 


DIVISION 15 
STEAM POWER PLANTS 


495. The Function Of A Steam Power Plant (Fig. 423) 
is to convert into mechanical work the chemical energy 
(Sec. 28) which nature has stored in the fuel. In performing 
this function, the chemical energy—or a part of it, at least— 
which is contained in the fuel and in the oxygen of the air, is 
in the boiler furnace, transformed into and given up as heat 
energy, by combustion (Div. 14). Much of the heat energy 
thus liberated, is transferred to water in the boiler; this heat 
added to the water vaporizes the water into steam, in which 
most of the heat remains stored for transmission. This heat 
stored in the steam is then transmitted in pipes to some 
mechanical device (engine) which is so designed that a part of 
the heat energy in the steam is by the heat enigne transformed 
into mechanical work. 


Nors.—Tue Purposes Or Tuis Division is to describe briefly the 
fundamental function and the operation of some of the more essential 
components of the modern steam power plant. For a more detailed 
treatment of these various elements, the reader is referred to the following 
books by the author: “Steam Boilers,” ‘“Steam-engine Principles And 
Practice,” ‘“‘Steam-turbine Principles And Practice” and “Steam Power 
Plant Auxiliaries And Accessories.” 


496. The Essential Parts Of A Steam Power Plant (Fig. 
423) are: (1) The boiler furnace, F. (2) The boiler, B. 
(3) The steam piping, P. (A) The prime mover, EH. The 
functions of each of these parts are described in the notes 
below and the parts themselves are further discussed in 
following sections. 


Nore.—Tus Borer Furnace Anp Tue Borer are frequently so 
constructed that a definite and rigid distinction cannot always be made 
as to just what part constitutes the boiler and what part constitutes 
the furnace. The boiler furnace (F, Fig. 423) generally consists of some 
device, such as a grate (under F in Fig. 428) or burner (Fig. 429) for 
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bringing the air which is necessary for combustion (Sec. 472) into intimate 
contact with the fuel, and a space, or combustion chamber, usually enclosed 
by firebrick or metal, wherein the combustion is completed and the 
hot products of combustion (Sec. 463) transmit a part of the heat which 
they contain to the boiler. The boiler is a closed vessel in which, by the 
absorption of the heat of combustion of the fuel, water is boiled and 
thereby converted into steam. The heat of combustion of the fuel is 
transmitted to the walls of the boiler by radiation (Sec. 138), con- 
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Fic. 424.—A complete portable non-condensing steam power plant. A self-contained 
hoisting-engine-and-boiler outfit is another example of a complete portable steam power 
plant. 


duction (Sec. 111) and convection (Sec. 137). The heat is transmitted 
by conduction through the walls of the boiler to the water which is con- 
tained within the boiler. By the addition of a sufficient quantity of heat 
to the water, it is caused to boil (Sec. 313) and form steam. Thus, a 
part of the chemical energy in the fuel is transformed into heat energy 
and stored up in the steam as such. Practically any liquid could be 
used in the boiler as the storage and transmitting medium for the heat 
energy. However, due to the almost unlimited supply of it and also to 
certain of its inherent characteristics, water—or water vapor which is 
steam—is, where the combustion of the fuel does not occur within the 
engine cylinder, always used as the medium in which the heat of com- 
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bustion is stored for transmission from the furnace to the prime mover. 
See Sec. 391 for the reasons why water is the best medium for this purpose. 

Notr.—Tue Function Or Tuer Stream Pirine (P, Fig. 423) is to 
conduct the heat in the steam from the boiler to the prime mover. If the 
prime mover is mounted on the boiler (as it is in the locomobile and in 
portable power plants, Fig. 424, of 
certain types), the steam piping can 
be omitted. However, practical con- 
siderations generally prohibit such 
an arrangement for plants of medium 
or large capacity. The pipes which 
conduct the steam from the boiler to 
the prime mover are generally covered 
with some heat insulating material 
which offers great resistance (Sec. 
114) to heat flow. Thus, the loss of 


= 
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Heat Loss From Well 
1,0 Insulated Pipe. 


Difference Per Sq.Ft. Per Hr. 


Heat Loss In B.tu. Per Deg. Fahr. 


0 100 700 300 400 
heat from the steam, between the Temp. Difference Between Air 
boiler and the prime mover, is mini- And Steam, Deg. Fahr. 


mized; see Fig. 425. 

Norr.—Tue Function Or Tue 
Prime Mover Or A Steam Power Puant is to convert into mechanical 
work the maximum possible amount of the heat energy which is 
delivered to it in the steam. The prime mover in a steam power 
plant is either a reciprocating steam engine (Sec. 502) or a steam 
turbine (Sec. 505). The engine or turbine drives mechanically an elec- 


Fie. 425.—Heat loss from steam pipes. 


Aitr-Broke 
“Storage TH ik- 


Fia. 426.—Fireless locomotive. Note the absence of the smoke stack. (H. K. Porter 
Co., Pittsburgh, Pa.) 


tric generator, a line shaft, or some other device which will transmit 
energy or useful work. 

Norr.—Tue Frireiess Locomotive (Fig. 426) is not a complete steam 
power plant because its heat energy does not come to it in a fuel—no 
combustion occurs in it. But it does provide an interesting example of 
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the conversion of heat energy in steam into mechanical work. Its 
operation is as follows: The locomotive carries a storage tank, somewhat 
similar to a boiler, which has a capacity of about 760 cu. ft. This tank 
is first about 44 filled with water. Then the tank is connected to a sta- 
tionary steam boiler wherein the steam pressure is about 350 lb. per sq. 
in. The tank and the boiler are permitted to remain connected until no 
more steam will flow into the tank. Then the connection is broken. 
The storage tank, which is well insulated against heat loss, now contains 
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Fie. 427.—A hand-fired coal-burning water-tube boiler furnace (Babcock & Wilcox Co.). 


water and steam at a pressure of about 350 lb. per sq. in. gage, which 
is at a temperature of about 437° F’. (see Steam Table 394). As the steam 
is taken from the storage tank to drive the locomotive, the pressure in the 
tank decreases, whereupon more steam is formed due to the heat stored 
in the water. When the pressure within the tank drops to about 20 or 
30 lb. per sq. in., the tank must be recharged. Under normal operation, 
the locomotive will operate from 2 to 10 hr. with one charge. Its prin- 
cipal use is in industrial-plant service where electric or other steam loco- 
motives would be hazardous. 


497. The Principal Types Of Boiler Furnaces are: (1) Hand- 


fired furnace, Fig. 427. (2) Stoker-fired furnace, Fig. 428. (3) 
Oil-burning furnace, Fig. 429. (4) Gas-burning furnace, Fie. 
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Fia. 429.—A typical fuel-oil-burning furnace. 
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430. (5) Powdered-coal-burning furnace, Fig. 431. The hand- 
fired (Fig. 427) and the stoker-fired furnaces (Fig. 428) are 
used, respectively, in small and in large capacity installations 
for burning coal as received from the mine. A powdered- 
coal-burning furnace is used to burn coal which has been 
mechanically pulverized to a fine dust; powdered coal is now 
used only (but with great economy) in large plants. The fuel 
which is used in an oil-burning furnace is generally fuel oil. 
Gas-burning furnaces burn either natural or some artificial 
gas. Furnaces of each of these different types are made in a 
number of different forms, depending upon the kind of fuel 
which is to be used, upon the type of stoker, if any, upon the 
kind of boiler (Sec. 498) with which they are to be used, and 
upon the opinions of the designer. 
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Fie. 430.—A boiler furnace for burning natural gas. 


498. Steam-power-plant Boilers May Be Classified accord- 
ing to a number of different schemes (see the author’s “‘Steam 
Boilers’). However, practically all modern boilers are either: 
(1) Fire-tube boilers, Fig. 432, wherein the drum contains a 
number of tubes which are surrounded by water, and through 
which the high-temperature gaseous products of combustion 
are passed. (2) Water-tube boilers, Figs. 427, 428, and 431. 


STEAM POWER PLANTS — 471 


Src. 498] 
n--Sate 
Superheater @ - Bi paee 
Fuel He lubes--. 2 Drums 
wFuel Hopper « 
PAE ie ae 
{ a 
af i : 
: : : 
es 
\\ 
"TI ; 
CO ae RS 
fod : 
Burn Nee Ete UC Ye. 


Bee 
Hh 
Drum 


Motor- 1 Yi ey 
eA. 


Blower 4 Brick yt 
Setting X 


Fie. 431.—A powdered-coal-burning furnace, Sterling Boiler. (Fuller-Lehigh Company 
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Fic. 432.—A fire-tube boiler—return-tubular. 
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Fie. 434.—A Scotch-marine steam boiler—internally-fired, fire-tube. 
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wherein a number of tubes are connected to one or more 
drums and the high-temperature gaseous products of combus- 
tion are passed over the tubes which are filled with water. 
(3) A combination of fire tubes and water tubes. The reason for 
the tubes, whether fire tubes or water tubes, is to increase 
the area of the boiler surface which is exposed to the hot gases. 
By thus increasing the area (Sec. 115) which is in contact with 
the hot gases, the heat transfer from the gaseous products of 
combustion to the water within the boiler is materially 
increased. Fire-tube boilers are built in three principal types 
as described in the following note. 


Nots.—Txe Princrpayr Types Or Firn-ruse Borers are: (1) The 
return-tubular boiler, Fig. 432. (2) The locomotive-type boiler, Fig. 433. 
(8) The Scotch-marine boiler, Fig. 434. An externally-fired boiler is one 
which has a separate furnace built outside of the boiler shell. An inter- 
nally-fired boiler is one wherein the furnace is located within the boiler 
and forms an integral part with it. Practically all water tube boilers 
(Figs. 427, 428, and 481) are of the externally-fired type. The return- 
tubular boiler (Fig. 482) is an externally-fired fire-tube boiler. The 
locomotive-type boiler (Fig. 433) and the Scotch-marine boiler (Fig. 434) 
are internally-fired fire-tube boilers In general, the applications of the 
boilers of the various types mentioned above are about as follows: 
(1) Return-tubular and water-tube boilers for medium-capacity stationary 
installations; only water-tube boilers are used for large-capacity installa- 
tions. (2) The locomotive-type boiler for portable and small-capacity 
stationary installations. (3) The Scotch-marine botler for land and marine 
service where the available boiler space ts small. 


499. The Efficiency Of A Boiler And Furnace (and grate if 
the furnace has one) is the ratio between the quantity of heat 
which is absorbed by the water and steam in the boiler and 
the quantity of heat which should have been liberated by the 
complete combustion of the fuel which is fired. This may be 
written as a formula thus: 


(342) E = @ (decimal) 
Wherein: E = the efficiency of the boiler and furnace (and 
grate, if any) expressed decimally. Qs = heat, in British 
thermal units, which is absorbed by the boiler per pound of 
fuel fired; Qz is computed from the data obtained in an evapora- 


tion test. H = the heating value (Sec. 452) in British thermal 
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units per pound of fuel as fired; H is determined (Div. 13) by a 
calorimeter test of the fuel or (Sec. 469) from the results of the 
ultimate analysis of the fuel. 


Exampiy.—During an evaporation test it was found that a certain 
boiler absorbed 9,346 B.t.u. for each pound of coal which was fired. 
The heating value of the coal, as fired, was 12,600 B.t.u. per lb. What 
was the efficiency of the boiler, furnace, and grate? SoLuTIon.—By 
For. (342), the efficiency of the boiler, furnace, and grate, E = Q3/H = 
9,346 + 12,600 = 0.741, or 74.1 per cent. 


500. Steam Boilers Are Rated In Boiler Horsepower.—A 
boiler horsepower, is equivalent to the evaporation of 34.5 lb. 
of water per hour, at a temperature of 212° F. and atmospheric 
pressure, to steam at the same temperature and pressure. 
This is equivalent to 33,479 B.t.u. per hr. This unit—the 
boiler horsepower—is an arbitrary one. It has no definite 
mathematical relation to the horsepower unit which is used 
for expressing the rate of doing work (Sec. 36). Inasmuch 
as the rate of evaporation of a boiler depends on the setting, 
the fuel, and the method of firing, boiler manufacturers 
actually rate a boiler on the basis of its heating surface. 
A modern boiler will, if operated under ordinary conditions 
as to setting, fuel, and firing, develop about 1 boiler hp. (one 
boiler horsepower) for each 10 sq. ft. of heating surface. 
Hence, the manufacturers rate their boilers on the basis of 1 
boiler hp. for each 10 sq. ft. of water heating surface that 
the boilers contain. 


Exampizr.—A boiler which has 2,000 sq. ft. of heating surface will be 
rated as a: 2,000 + 10 = 200 boiler hp. boiler. This boiler will, under 
average conditions, readily develop 200 hp. But by forcing—assuming 
sufficiently large grate area—all boilers may develop 50 per cent. more 
than their rated horsepower. Good water-tube boilers may develop 
continuously 300 per cent. rating and on short duration peak loads 600 per 
cent. rating. 


501. The Prime Mover Of A Steam Power Plant is the 
machine—heat engine—wherein a portion of the heat energy 
of the steam is converted into work. This machine is usu- 
ally either a reciprocating steam engine or a steam turbine. 
For a detailed description of many of the several different 
types of steam engines and steam turbines see the author’s 
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“Steam-engine Principles And Practice” and “Steam-tur- 
bine Principles And Practice.’ A brief discussion of the 
principles of operation of the steam engine and the steam tur- 
bine are given herein in Secs. 502 and 506 respectively. 


Nors.—As To Tue Appiications Or Enaines AND TURBINES, tur- 
bines will prove the most economical in practically all large-capacity 
installations. In medium- or small-capacity installations, either engines 
or turbines may prove the most economical, depending upon the condi- 
tions. Turbines are inherently high-speed constant-speed machines, 
which may render their use impracticable for certain applications for 
which they otherwise might be the most economical. Turbines have no 
heavy reciprocating parts as have reciprocating steam engines. For 
_ equal power output the space occupied by a steam turbine is much less 
than that occupied by a steam engine. Turbines are considerably lower 
in first cost than engines of equal power; this is because of the higher 
speeds and simpler construction of the turbines. 


502. The Principle Of Operation Of A Simple Recipro- 
cating Steam Engine (Fig. 435) may be understood from the 
following: 


ExpLanation.—As shown in Fig. 435, the piston P is just a little 
beyond dead center so that if a sufficient force in a right-hand direction is 
exerted upon the piston, it will move in that direction. At this position 
of the piston, the slide-valve, D, is in a position such that the port of the 
steam-passage, H, is slightly open. Live steam (which is at a considerable 
pressure) from the boiler flows through the-live-steam pipe, S, into the 
steam chest, M, and fills M. From the steam chest, the steam passes 
through the steam passage, H, and into the cylinder on the left-hand 
side of the piston, P. The pressure which the steam exerts on the piston 
forces the piston to the right. This rotates the main shaft. 

As the piston is thus forced to the right, steam continues to flow 
through H into the cylinder until the valve, D, which is actuated by the 
shaft through the eccentric rod, J, and the valve stem, L, in moving to 
the left closes the port to the steam passage, H. This is called the point 
of cut-off (C, Fig. 436). That is, the steam supply to the cylinder is 
cut off. The steam which is thereby entrapped in the cylinder is, at 
the point of cut-off, at a comparatively high temperature and pressure. 
Consequently, the steam continues to exert a force on the piston to the 
right. As the piston continues to be forced to the right by the expanding 
steam, the steam space in the cylinder on the left of the piston increases. 
That is, the steam expands behind the piston and in so doing continues 
to exert a pressure on it. 

While the piston has been forced to the right as explained above, the 
valve D has been moved to the left, so that just a little before the piston 
reaches its extreme right-hand position, the D-shaped slide-valve has 
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uncovered the port of the steam passage, H. But at this position the 
passage, H, instead of opening into the steam chest, now opens into the 
exhaust chamber X. The point at which the valve opens (R, Fig. 436) 
the steam passage to the exhaust chamber is called the point of release. 
The exhaust chamber connects to some region, such as the atmosphere 
or a condenser, wherein the pressure is lower than that of the steam in the 
cylinder at the point of release. Thus, when the steam passage H opens 
to the exhaust chamber X, the steam starts to flow out of the cylinder. 
In a double-acting engine such as 
shown in Fig. 435, a short time after 


OF, Eee 
‘Expansion. +. ws 


AIMS 


the steam passage H has opened to the oe ( ‘ ee Coie Poi 
exhaust, the slide valve uncovers the as BIN eee OF 
port of the steam passage, /’, and steam SS fA OSS ad ak 
begins to flow into the cylinder on the *-’, en 
right-hand side of the piston. This a — EEE si aD: 


forces the piston to the left in a man- 
ner similar to that described above. 
As the piston is now thus forced to 
the left, it pushes the steam which is 
on the left-hand side of it out of the 
cylinder through H and the exhaust 


Inoticator Opening. 


chamber, X. While the piston is now 
moving to the left, the slide-valve, D, 
moves to the right so that when the 
piston has completed about 34 of its 
stroke (H, Fig. 436) the steam passage 


I-cylinder 


Fia, 436.—Indicator diagram of a 
steam engine showing position of piston 
when the various events of the cycle 
occur. The “Line Of Atmospheric 
Pressure’ is made with the valve be- 


H is closed to the exhaust chamber. 
Then, when the piston travels a little 
farther to the left (A, Fig. 436), the 
slide valve is shifted a little farther 
to the right and the steam passage, H, is opened to the steam chest, 
M, and steam is now admitted to the left-hand end cylinder. This is 
called the point of admission. 

The kinetic energy which has been stored in the moving flywheel will 
earry the piston over its dead center so that the steam which is now 
being admitted to the left of P begins another cycle of operation. As 
the engine continues to operate steam is thus alternately admitted to and 
exhausted from both sides of the piston. The reciprocating motion of 
the piston is transformed into rotary motion of the shaft by the connect- 
ing rod R (Fig. 435) and the crank, J&e 


503. A Steam-engine Indicator Diagram (Fig. 436) is a 
graph of the pressure variation within one end the cylinder 
of an engine while the piston is being forced from one end of 
the cylinder and back; such a graph is plotted by an indicator 
(Sec. 685). The net area included by a steam-engine indicator 


tween the indicator and the engine 
cylinder closed—no steam in the 
indicator. 
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diagram is proportional to the work (Sec. 262) which was done 
on one side of the engine piston during the power stroke and 
the return stroke, when the diagram was taken. The average 
height between the upper and lower lines of the diagram is 
proportional to the mean effective pressure on the piston. 
The mean effective pressure may be determined from an indi- 
cator diagram by a planimeter, or as explained below, by the 
method of ordinates. 


EXPLANATION.—THE Mean ErrectiveE Pressure May Bre DETeER- 
MINED From AN InpicaTor Diagram By THe Mertuop Or OrpDINATES 
(Fig. 437) as follows: Draw two lines, CD and EF, perpendicular to the 
atmospheric line AB so that each line is tangent to the indicator diagram 


clndicator Diagram , 
“Taken With 100 Lb. Spring 


Ruler 
2" .---Dots Made At 

\i Lath Quarter-Inch 
\Craduation 


= 
= 


“Atmospheric 
Line 


ae j 
Sum Of The Lengths Of The Lines=1.23" 
Average Height Of Diagrams 

1.23 '+10=0.723" ; 

Mean Effective Pressure = 

0123 x 100=12.3 Lb. Per Sq. In. 


Fic, 437.—Determining the mean 
effective pressure from an indicator 
diagram by the method of ordinates. 


at one of itsends. Then take a ruler 
and place the zero graduation at any 
point on one of the lines, HF, and the 
5-in. graduation on the other line, CD. 
With a sharp-pointed pencil make a 
dot (Fig. 487) on the indicator card 
at each quarter-inch graduation; that 
is, at the 4-in., the 34-in., the 1)4-in., 
the 134-in., graduations, etc. Re- 
move the ruler, and through each dot 
thus made, draw a pencil line (shown 
dotted in the illustration) through 
the indicator diagram (as mn, op, 
etc., Fig. 437) perpendicular to the 
atmospheric line AB. Then measure 
the length in inches, of that portion 
of each line which is within the indi- 
cator diagram. Add together the 
lengths, in inches, of all of the lines 
and divide the sum by the number of 


lines, which is 10. Multiply this quotient by the scale of the indicator 
spring. The result is the mean effective pressure in pounds per square 
inch. See the following example. 

Exampiu.—The scale of the spring, which was used in taking the indi- 
cator diagram shown in Fig. 437, was 100. What was the mean effective 
pressure? Soniution.—The vertical lines within the indicator diagram 
(Fig. 437) were drawn as explained above. The length, in inches, of 
eachisasshown, The sum of thelengths = 1.30 + 1.41 + 1.34 + 0.938 + 
0.69 + 0.51 + 0.37 + 0.28 + 0.22 + 0.18 = 7.23 in. The sum of the 
lengths divided by the number of lines = 7.23 + 10 = 0.723 in., which is 
the average height of the diagram. Since the scale of the spring is 100, 
the mean effective pressure = 0,723 X 100 = 72.3 Ib. per sq. in. 
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504. The Power Which Is Developed By The Steam Within 
The Engine Cylinder May Be Determined as explained below. 
This power, when expressed in horsepower, is called the 
indicated horsepower. It may be determined by the following 
formula: 

PLAN 
oe) ~ 33,000 
Wherein: P = the indicated horsepower which is developed in 
that end of the cylinder for which the indicator diagram is 
taken. P = the mean effective pressure, in pounds per square 
inch, as determined from the indicator diagram (Sec. 503). 
L = the length of stroke, in feet. A = the area of the piston, 
minus the area of the piston rod, if the piston rod extends 
- through the head of that end of the cylinder from which the 
indicator card is taken, in square inches. N = the number of 
revolutions per minute of the main shaft. If the engine has 
more than one working cylinder end, the indicated horse- 
power is determined as explained above for each end. Then, 
the total indicated horsepower of the engine is the sum of the 
indicated horsepower developed in all of the working cylinder 
ends. 


(indicated horsepower) 


Ex AamPLE.—The indicator card shown in Fig. 437 was taken from the 
head-end of a steam engine cylinder. That is, the piston rod did not 
extend through the cylinder-end from which the indicator card was taken. 
The length of stroke was 2 ft. The diameter of the piston was 20 in. 
The engine was running at 125 r.p.m. What was the horsepower which 
was being developed in that end of the cylinder? Sonution.—By the 
solution to the problem under Sec. 503 the mean effective pressure = 
72.3 lb. per sq. in. The area of the piston = 3.14 X 20 X 20 + 4 = 314 
sq. in. By For. (348), the indicated horsepower for this end of the cylinder, 
P = PLAN/33,000 = (72.3 X 2 X 314 X 125) + 33,000 = 172 hp. If 
the engine is a double-acting one, as is that of Fig. 435, and the power 
developed by the crank end is the same as that for the head-end—which 
it probably would be approximately—then the total power developed by 
the engine = 2 X 172 = 344 hp. 


505. The Steam Turbine (Fig. 438) is, when it is operated 
condensing, a very efficient device for transforming into 
mechanical work the heat energy which is contained in the 
steam. Steam turbines are manufactured in capacities ranging 
from % to 30,000 kw. Their principal uses are as prime 


. 
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movers for driving electric generators and for driving auxiliaries 
(Sec. 509) in steam power plants, and for driving centrifugal 
pumps in pumping stations. In asteam-turbine power plant, 
the prime mover is usually operated condensing (Sec. 513) 
and the turbines which drive the auxiliaries are operated non- 
condensing. Then, the exhaust steam from the turbines 
which drive the auxiliaries is used for heating the feed water 
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Fie. 438.—An Alberger-Curtis impulse-type steam turbine having three rows of moving 
blades. 
(Sec. 518). Steam turbines are inherently high-speed machines, 
the usual operating speeds being from 1,500 to 4,000 r.p.m. 
506. Steam Turbines Are Of Two Principal Types: (1) The 
impulse turbine. (2) The reaction turbine. Turbines are also 
frequently made wherein both of the above types are combined 
in one machine. The principles of operation of turbines of 
each of these two types are briefly explained in the following 
notes. 
Note.—Tue Principte Or Oprratine A Steam Tursine Or THE 
Imputse Typx (Fig. 439) is as follows: Steam which is at a high tempera- 
ture and pressure flows from the steam chest, C, Fig. 438, through the 


nozzle, N (Figs. 438 and 440). As the steam issues from the nozzles. N, 
at an extremely high velocity it strikes the blades, B, and causes the 
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Direction OF 
Rotation 


Blades On 
----Jurbine Wheel 


Fria. 439.—Force due to impulse Fre. 440.—TIllustrating operation of an impulse 
of steam on scales. steam turbine. The impact of the high-velocity 
steam issuing from the nozzle, N, on the blades, 

B, causes the wheel to rotate. 


Downward} \\ 

force Due | 
% Reaction” 
Of Steam 


Direction 
OF Rotation 


fag Water Spray 


Fia. 441.—Force due to reaction Fie. 442.—Reaction of water leaving nozzles 
of steam leaving nozzle. After in whirling lawn sprinkler causes it to rotate. 
the steam is turned on the scales 
register the reactive force of the 
steam jet in addition to weight 
of nozzle. 

31 
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wheel, W, to rotate. The diverging nozzle, N, isso designed that the 
steam in passing through it undergoes practically frictionless adiabatic 
(isentropic) expansion (Sec. 385). During this expansion, the heat 
energy of the steam is transformed into kinetic energy (Sec. 385). Thus, 
the steam issues from the nozzle at a high velocity, usually from about 
2,900 to 4,000 ft. persec. In the impact of this high-velocity steam on 
the turbine blades, a large part of the kinetic energy is transformed into 
mechanical work of turning the wheel. After the steam leaves the wheel 
it is ordinarily exhausted from the turbine casing into the atmosphere, 
into a feed-water heater (Sec. 518), into a building or industrial-process 
heating system (Div. 17), or into a condenser (Sec. 513). 

Nots.—In Tursines Or Tun Reaction Typn, the expansion of the 
steam occurs largely in moving nozzles (Figs. 441 and 442). That is, 
the moving blades on the turbine rotor or wheel, are so designed that the 
steam expands in passing through them. As the steam expands in these 
moving nozzles the heat energy is transformed into kinetic energy in 
essentially the same manner as was described above for the impulse 
turbine. As the steam issues from the moving nozzle at the high velocity 
thus acquired by the expansion, it ‘‘kicks back,”’ or produces a reactive 
force on the moving nozzle of the wheel and causes it to rotate. This 
“reaction’’ occurs only when the steam leaves the nozzle with a velocity 
higher than that with which it approached the nozzle. 


507. The Efficiency Of A Steam Prime Mover (Sec. 501) 

as a device for converting into mechanical work at the shaft 
the heat energy which is in the steam that is supplied to it, is 
called the thermal brake efficiency or overall efficiency, Sec. 436. 
It may be computed by the following formula: 
(344) E = eos (desma) 
Wherein: E = the thermal brake efficiency, expressed as a 
decimal. P, = the power, in horsepower, delivered by the 
shaft; that is, it is the brake horsepower as is determined, 
usually, by a brake on the shaft or with an electric generator 
which is driven by the shaft. Wgs = the rate of steam con- 
sumption of the prime mover in pounds per hour (see note 
below). H = total heat, in British thermal units per pound, 
of the steam (Sec. 365) at the throttle. h = the heat of 
the liquid, in British thermal units per pound (Sec. 363) at 
the exhaust temperature. 


Norr.—TuHErMAL Brake Erricimnciss of reciprocating steam engines 
vary from about 5 per cent. for small-capacity, non-condensing, simple 
engines, to about 25 per cent. for large-capacity, condensing, triple- 
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expansion engines. For steam turbines the thermal brake efficiencies 
vary from about 7 per cent. in small-capacity, non-condensing turbines, 
to about 28 per cent. in large-capacity condensing turbines. 

Nore.—Tue Water Rate Or A Steam Prime Mover May Ber 
DEFINED as the number of pounds of steam which is required to develop 
one unit of energy. The unit of energy, which is usually specified in a 
manufacturer’s water-rate guarantee for the prime mover, is either the 
indicated horsepower-hour, brake horsepower-hour, or the kilowatt-hour. 
The manufacturer’s water-rate guarantee is always based upon the speci- 
fied initial and exhaust steam conditions, the load, and the speed in 
revolutions per minute. The water rate of a steam prime mover is, 
when stated in conjunction with the initial and exhaust steam conditions, 
an indication of the efficiency of operation. But, the water rate is a 
rather meaningless value unless the steam conditions under which it was 
obtained are given. The water rates of reciprocating steam engines vary 
from about 12 lb. per b.hp.-hr. for large-capacity compound condensing 
engines to 45 or 50 lb. per b.hp.-hr. for small-capacity simple non- 
condensing engines. The water rates of steam turbines vary from about 
7.5 lb. per b.hp.-hr. for large-capacity condensing turbines to over 40 lb. 
per b.hp.-hr. for small-capacity non-condensing turbines. 


508. The Commercial Rating Of Steam Prime Movers Is 
Usually Based On The Power Output Somewhere Near The 
Most Efficient Load.—If the prime mover is direct connected 
to an electric generator, it is usually rated in the kilowatt 
output measured at the generator terminals. If the prime 
mover is not direct connected to an electric generator, it is 
ordinarily rated in brake horsepower measured at the main 
shaft. Such ratings are usually contingent upon a certain 
speed in revolutions per minute, and upon certain initial and 
final steam conditions. Practically all steam prime movers 
are capable of carrying a load which is at least 25 per cent. 
greater than the full-load name-plate rating. 

509. The Principal Auxiliaries With Which Steam Power 
Plants Are Frequently Provided are: (1) Boiler-feeding appa- 
ratus (M, Fig. 423), Secs. 510 to 512. (2) Condensers (C, 
Fig. 423), Sec. 513 to 515. (3) Feed-water heaters (H, Fig. 423) 
Sees. 516 to 522. (4) Superheaters, Sec.523. (5) Artificial draft 
apparatus, Sec. 524. The purpose of such auxiliaries (with the 
exception of the boiler-feeding apparatus) is to improve the 
economy of the plant. Whether ornot the economy of the plant 
will be improved by an auxiliary will depend upon the size of 
the plant and upon local conditions and must be determined for 
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each individual plant. Refinements are not ordinarily justified 
in small plants. The remainder of this division contains a 
brief description of the function and of the operation of the 
principal types of the more important steam-power-plant 
auxiliaries. For a detailed treatment of these devices, see the 
author’s ‘‘Steam Power Plant Auxiliaries and Accessories.” 

510. The Two Principal Types Of Boiler-feeding Apparatus 
are: (1) Injectors, Sec. 511. (2) Pumps, Sec.512. As the water 
in the boiler is evaporated into steam and as the steam is used 
by the prime mover, more water must be fed to the boiler. 
Since the steam in the boiler is at a relatively high pressure 
(say, 60 to 250 lb. per sq. in.) some device must be used to force 
the feed water into the boiler against this pressure. Some- 
times, the water is fed to the boiler by a gravity-operated trap; 
see the author’s “Steam Power. Plant Auxiliaries and Acces- 
sories.”” In stationary steam power plants, injectors are 
generally used only for stand-by service. Pumps are the most 
important boiler-feeding apparatus. 
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Fie. 443.—Complete Sate steam power plant which uses only an injector for 
boiler feeding. 


511. An Injector For Feeding Water To a Boiler (Figs. 443 
and 444) has a thermal efficiency of about 99 per cent. 
That is, with the exception of about 1 per cent., all of the heat 
which is contained in the steam upon its admission to the 


Szc. 512] STEAM POWER PLANTS 485 


injector is either expended in doing useful work, or is returned 
to the boiler as heat. From this it would appear to be almost 
impossible to find a more efficient device for feeding the 
boiler. This is true for those steam power plants such as a 
locomotive where a feed-water heater is not provided. But 
the efficiency of an injector as a pumping unit alone is only 
about 1 or 2 per cent. A stationary steam power plant usually 
has sufficient exhaust steam from the engine, the condenser 
pumps or other auxiliaries (Sec. 515) to heat the feed water, 
which steam if not used for 
this purpose would be wasted. 
Therefore, since an injector will 
not handle water at a tempera- 

ture exceeding about 150° F., = 
and since boiler feed water can SHEL) lovertiowe 
be readily heated,to about 210° Fie. 444,—Sectional view of ele- 
F. with exhaust steam, a pump ee eT aN arg petals 
for boiler feeding is generally 

more economical than is an injector. Furthermore, under 
conditions of extreme variation in steam pressure, the opera- 
tion of an injector is somewhat irregular and uncertain. 
However, due to simplicity, compactness, low first cost, and 
low maintenance cost, the injector is particularly applicable 
as a stand-by unit for boiler feeding. The principle of opera- 
tion of an injector is explained below. 


Combining Check 
D 


Delivery Tube" 


EXpLANATION.—TuE Principte Or Oppration Or Auy InJEcTORS Is 
EssenriaLty As Foutows: In starting the injector, steam from the 
boiler is admitted to the injector at A, Fig. 444, and flows through nozzle 
C, tube D, the opening O, and out to the atmosphere through the overflow. 
G. The friction of the steam, issuing at high velocity from C, draws the 
air from the feed-water inlet B, thus causing the water to rise therein 
until the steam issuing from C strikes the water. The steam, which is 
emerging from C at a high velocity condenses on meeting the water and 
imparts a considerable momentum to the water. The kinetic energy 
which is thus acquired by the mass of water is sufficient to carry it across 
the opening, O, to open the check valve, H, and to force it into the boiler 
against the boiler pressure. After the water starts to flow across the 
opening, O, the steam ceases to escape from G. 


512. The Two Types Of Boiler-feed Pumps Which Are 
Most Frequently Used are: (1) Piston pumps, Fig. 446. 
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(2) Centrifugal pumps (Fig. 445). The principal of operation 
of each is described below. Piston pumps are generally either 
direct-acting or power driven. In a direct-acting steam pump 
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Fie. 445.—Centrifugal boiler-feed pump driven by a non-condensing steam turbine. 


(Fig. 446), the steam piston is directly connected to the water 
piston by the piston rod. The steam is usually admitted to 
the steam cylinder throughout the entire stroke. In a 
power-driven piston pump the water piston is actuated through 
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Fig. 446.—Section through a direct-acting duplex boiler-feed pump. 


a crank mechanism which is ordinarily driven by a steam cylin- 
der, an electric motor, an internal-combustion engine, or from 
a line shaft. Centrifugal boiler-feed pumps (Fig. 445) are 
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ordinarily driven by either an electric motor or by a steam 
turbine. The total capacity of the boiler-feed pump should 
be such that it will deliver about 50 gal. of water per hour for 
each rated boiler horsepower (Sec. 500). 


Nore.—Tue Tenpency In Moprrn Practice In BomLeR-FEEDING 
Is Towarp Tue Usz Or CrentrirucaL Pumps. However, one direct- 
acting steam pump is practically always provided for stand-by service. 
Centrifugal pumps have no suction or discharge valves to wear and no 
piston to keep packed. Consequently, the decrease in the efficiency of a 
centrifugal pump due to wear in service is practically zero. The direct- 
acting piston pump is, probably, more reliable for continuity of service 
than is a centrifugal pump, whereas the overall efficiency of the centrifugal 
pump is generally higher than is that of the steam pump. 

EXpLANATION.—TuHE Drrect-actinc Piston Pump For BoI.er 
Frepine (Fig. 446) is usually of the duplex type. That is two pumps, 
one of which is shown in Fig. 446, are mounted side by side and integral 
with each other. The steam valves 
of each are so actuated that when 
one of the pistons is in the stationary Casing. 
position at the end of its stroke, the ™ = wRunner 
other piston is moving. Thus, the ss 
discharge of water from a duplex 
pump is continuous. The operation aaa 


<--*- Discharge 


of each unit of the pump is as SS 
follows: Steam is admitted through- \E=—% 
out the entire stroke to first one side 
of the steam piston, P, and then the 
other. The steam is admitted to and 
exhausted from the cylinder by the 
operation of a D-slide valve in essen- vee Boke 
ge eee oe - Fig. 447.—Illustrating the operating 
Sec. 502 for the steam engine. The principle of the centrifugal pump. 
reciprocating motion thus imparted 

to the steam piston is transmitted to the water piston, W (Fig. 446). 
The suction valves, S, and discharge valves, D, are so operated by the 
water pressure, which is caused by the moving of the water piston, that 
the water which is drawn into the water cylinder through the suction 
valves, S, on one stroke is forced out through the discharge valves, D, 
on the next stroke. 

EXpLANATION.—THE OPERATION Or A CENTRIFUGAL Pump may be 
understood by referring to Fig. 447. The water is admitted to the pump 
around the shaft through the suction inlet, S. It is discharged at D. 
The pump must first be “primed;” that is, the casing, C, must, in some 
way, be entirely filled with water. After the pump is primed, the runner, 
R, is rotated, say, by an electric motor or a steam turbine, at a high speed 
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in the direction indicated by the arrow. The rotation of the runner 
causes the water which is within the casing to rotate. Due to the centri- 
fugal force which is thus set up by the rotation of the water, a high pres- 
sure is created around the periphery of the casing. This water pressure 
causes the water in D to rise. As the water in D rises, the ‘‘suction” 
which is thus created within the casing causes more water to be drawn 
into the pump at S. Thus, the action is continuous in drawing water in 
at S and forcing it out through D. 

513. The Function Of A Steam-power-plant Condenser 
(C, Fig. 423) is to condense the exhaust steam from a steam 
engine or a steam turbine and thereby increase the economy 
of the plant. By exhausting the air from a suitably designed 
vessel—condenser—which is connected to the exhaust of an 
engine or turbine, and then by entrapping the exhaust steam 
therein and cooling it, part of the steam will condense. If a 
vessel which contains only steam at atmospheric pressure and 
212° F. is cooled to 60° F., the pressure within the vessel will 
be lowered from 14.7 to about 0.25 lb. per sq. in., abs. 
Although such a low pressure is seldom attained in practice, the 
use of a condenser usually lowers the back pressure on an engine 
or turbine from about 17 to 18 lb. per sq. in., abs., to 
somewhere around 0.5 to 2 Ib. per sq. in., abs. Thus, by 
operating a steam engine or steam turbine condensing, less 
steam is required to develop a given amount of power than 
when operating non-condensing. The saving in steam with 
condensing operation over that of non-condensing operation 
is ordinarily from about 20 to 30 per cent. With condensing 
operation maximum economy in overall cost of operation 
is provided when the condenser vacuum gage reading (the 
pressure in the condenser) is about as follows: (1) For recipro- 
cating steam engines, 26.5 in. of mercury. (2) For steam tur- 
bines about 28.5 in. of mercury. Steam-power-plant condensers 
are described briefly in the following sections. 

Nore.—Tue TuroreticaL Monny Savine Dur To Tue Instatua- 
TION Or Conpensers May Nor Auways Bs Reauizep, particularly in 
small plants and for small prime movers. This is because of the initial 
and maintenance expense of the condenser and of the auxiliaries which 
are necessary for its operation. Under certain conditions the expense of 
condenser operation may be greater than the saving effected by the 


condenser. Condensers are seldom economically justified in plants of 
capacities less than, say, 400 hp. 
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514. The Two Principal Types Of Condensers are: (1) 
The surface condenser, Fig. 448, wherein the exhaust 
steam and the cooling water are separated by the walls of 
metal tubes. (2) The jet condenser, Fig. 449, wherein the 
exhaust steam and the cooling water are mixed together. 
Jet condensers may be classified according to the method of 
removing water and air from the condenser, as: (a) Low-level 
jet condenser, Fig. 449 wherein the condensed steam, the cool- 
ing water, and the air are removed by pumps. (b) Siphon 
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Fria. 448.—Illustrating the operation of a surface condenser. 


jet condenser, sometimes called a barometric condenser (Fig 
297), wherein the condensed steam, the cooling water, and 
sometimes the air, are removed by a barometric column. 
(c) Ejector jet condenser wherein the condensed steam, the 
cooling water, and the air are removed by the ejector effect 
of the cooling water. The operation of a typical surface 
condenser and of a low-level jet condenser is explained below. 
Condensers of each of these types have applications for 
which they are best fitted. Where the cooling water is “bad” 
and hence cannot be permitted to mix with the boiler-feed 
water the use of a surface condenser is usually imperative. 
Where cooling water is scarce or expensive, the same water 
may be used over and over again by cooling it in a cooling 
tower (Fig. 290) or in a cooling pond (Figs. 289 and 291). 
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Fie, 449.—An Elliot-Erhart low-level jet condenser. 
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EXPLANATION.—IHE OPERATION Or A Surrack CONDENSER is as 
follows: The cooling water is pumped through the condenser tubes 
(Fig. 448) by the circulating pump, C. The exhaust steam from the 
engine or turbine enters the condenser at S, and comes in contact with the 
metal tubes which contain the cooling water. Since the temperature of 
the exhaust steam is higher than that of the cooling water, heat flows 
from the steam through the metal walls of the tubes and into the water. 
The heat which is thus given up by the steam causes it to condense to 
water, which falls to the bottom of the condenser. The heat which is 
absorbed from the steam by the water is carried out of the condenser by 
the cooling water. The condensed steam, together with any air which 
may enter the condenser with the steam, is removed by the pump P. 

EXPLANATION.—THE OPERATION Or A Low-LEvEL JpET CONDENSER 
(Fig. 449) is as follows: The cooling water enters the condenser at A and 
is broken up into a fine spray by the nozzles, N. Theexhaust steam from 
the engine or turbine enters the condenser at, B, mixes with the cooling 
water spray and is condensed in the condensing chamber, C. The 
mixture of condensed steam and cooling water falls by gravity to the 
bottom, D, of the condenser from which it is removed by the centrifugal 
pump, P. In the particular condenser shown in Fig. 449, air is removed 
from the condenser by a steam-ejector, E. 


515. For Successful Operation Of Condensers, Pumps Must 
Ordinarily Be Used (Fig. 423) to circulate the cooling water, 
to remove the condensed steam—condensate—from the 
condenser, and to remove the air which is entrained with the 
exhaust steam and which leaks in at the fittings. The pumps 
which are used in conjunction with condensers are: (1) Czrculat- 
ing pumps, C, Fig. 448, and P, Fig. 449, to supply the cooling 
water, or in the case of low-level jet condensers to remove 
the mixture of cooling water and condensate. (2) Wet- 
vacuum pumps, P, Fig. 448, for removing both the condensate 
and air from a surface condenser. (3) Dry-vacuum pumps, E, 
(Fig. 449) for removing only the air from a surface or jet 
condenser. (4) Condensate pumps for removing only the 
condensate from surface condensers. Piston pumps (Sec. 
512) and centrifugal pumps are used as circulating pumps, 
wet-vacuum pumps, and condensate pumps. Dry-vacuum 
pumps are usually of the piston type, steam-oreject type, or 
hurling-water type. The trend of recent large capacity 
installations seems to be toward the use of electric-motor or 
steam-turbine driven centrifugal pumps for circulating and 
condensate pumps, with a steam-ejector or hurling-water dry- 
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vacuum pump. The power which is required to operate the 
condenser pumps varies from 1 to 6 per cent. of that of the 
main prime mover, depending upon the type of apparatus 
and local conditions. 

516. The Three Main Reasons Why The Boiler Feed Water 
Should Be Heated Before It Is Admitted To The Boiler are: 
(1) The introduction of cold water—at a temperature of 60 or 
70° F.—into the boiler is likely to strain the hot plates and the riveted 
joints, thus causing the boiler to leak. (2) By heating the 
water before it enters the boiler a large quantity of scale-forming 
impurities may be precipitated outside of the boiler and are thus 
prevented from entering the boiler. (3) A considerable quan- 
tity of heat may be returned to the boiler which would otherwise be 
lost in the exhaust steam or boiler chimney gases, thereby effect- 
ing a material decrease in the quantity of fuel necessary 
(Sec. 484). Apparatus of various types for heating boiler 
feed water are described in the sections immediately following. 

517. The Two Principal Sources Of Heat For Preheating 
The Boiler Feed Water are: (1) Exhaust steam, Sec. 518. (2) 
Flue gases. A device (H, Fig. 423) in which the feed water 
is preheated by exhaust steam is called a feed-water heater 
(Sec. 518). A device in which the feed water is heated by the 
flue gases is called a fuel economizer (Sec. 521). Live steam is 
sometimes used to heat the feed water. However, this method 
is comparatively uneconomical and is only used in special 
cases. 

518. The Heat Which Is Utilized In Heating The Feed 
Water By An Exhaust-steam Feed-water Heater is, princi- 
pally, the latent heat of vaporization (Sec. 364) of the exhaust 
steam. That is, when the exhaust steam is condensed in the 
feed-water heater (Figs. 450 and 451) the latent heat of vaporiza- 
tion of the exhaust steam—about 970 B.t.u. per lb. of steam 
condensed—is given up to the feed water. The maximum 
temperature to which the feed water is ordinarily heated in a 
feed-water heater is about 210° F. Therefore, if the feed water 
is supplied to the heater at, say, 50° F. and is heated by it to 
210°F., each pound of feed water absorbs: (210 — 50) = 160 
B.t.u. in passing through the heater. Consequently: (970 + 
160) = approximately 6 lb. of feed water will have its tempera- 
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‘ture raised from 56° F. to 210° F. by each pound of exhaust 
steam which is condensed. The weight of exhaust steam 
required to heat the feed water is only from about 9 to 14 per 
cent. of the steam generated by the boiler. For non-condens- 
ing prime movers part of the exhaust steam from the engine 
or turbine and the boiler-feed pump may be used for feed- 
water heating. If the prime mover is operated condensing, the 
exhaust steam for feed-water heating is usually supplied by 
steam-driven auxiliaries such as the boiler-feed pumps (Sec. 
512) and the condenser pumps (Sec. 515). 

519. The Two Principal Classifications Of Feed-water 
Heaters are: (1) Open heaters, Fig. 450, wherein the exhaust 
steam mixes with the cold feed water. (2) Closed heaters, 
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Fia. 450.—Partial sectional view of an open feed-water heater of the horizontal type. 
(Elliot Co., Pittsburgh, Pa.) 


wherein the exhaust steam and the cold feed water are sepa- 
rated by the walls of metal tubes. The operation of a heater 
of each type is briefly explained below. Open feed-water 
heaters should be used when possible because they are more 
efficient, better water purifiers, and are more easily cleaned 
than are closed heaters. However, a closed heater must be 
used under the following conditions: (1) When the steam 
pressure within the heater is much above or below atmospheric. 
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(2) When the feed-water heater is connected between the boiler- 


feed pump and the boiler. 


EXpLANATION.--THE OPERATION Or Tue ELLIOTT OPEN FEED- 
water Heater (Fig. 450) is essentially as follows: The feed water 
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Fic, 451—A Blake & Knowles 
vertical closed feed-water heater. The 
steam rises in the compartment B, but 
to insure clarity, it is not shown in this 
illustration. 


enters the heater at A, and flows down 
the trough, B, to the distributing pans, 
C, where it spills over and is broken 
up into small drops as it falls to the 
bottom of the heater. The exhaust 
steam enters the heater at D, and 
passes through the oil separator, E, 
and enters the tank, 7. When the 
exhaust steam mixes with the falling 
water, the steam is condensed. In 
the condensing, the latent heat of 
vaporization of the steam is given up 
to the water. Thus the water, W, 
which collects in the bottom of the 
tank, may be heated to about 210° 
F. The boiler-feed pump removes 
the heated water at F and discharges 
it into the boiler. The entrained 
water and oil which is separated from 
the exhaust steam at # is piped to the 
overflow box at G. 
EXPLANATION.—THE OPERATION 
Or Tue Buaxe & KNowLEes CLOSED 
Frrp-water Heater (Fig. 451) is 
as follows: The feed water which 
enters the heater at A flows upward 
through one nest of tubes, B, and 
downward through another nest of 
tubes, C. Six such nests of tubes 
are provided which are so baffled that 
the water passes through each nest in 
turn, thus traversing the length of the 
heater six times before it leaves the 
heater at D. The exhaust steam en- 
ters the heater at H and leaves it at F. 
The space between the water tubes is 
so baffled that the steam traverses the 
length of the heater three times. When 
the exhaust steam comes in contact 
with cold water-filled tubes, the steam 


condenses and gives up its latent heat of vaporization. The heat thus 
given flows through the walls of the water tubes and heats the water. 
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520. The Saving In Fuel Which Is Effected By A Feed- 

water Heater may be computed by the following formula: 
dE Th) 

a epelirsg fT p18) 
Wherein: X = the proportion of fuel which is saved by using 
a feed-water heater, expressed as a decimal. TJ, = the tem- 
perature of the feed water, in degrees Fahrenheit, leaving the 
feed-water heater. J, = the temperature of the feed water, 
in degrees Fahrenheit, entering the heater. H = the total 
heat above 32° F. in the steam, in British thermal units per 
pound, which is generated in the boiler; this value may be 
taken from a steam table. The saving in fuel as obtained 
by the above formula is, for an exhaust-steam feed-water 
heater, practically all a net gain. A feed-water heater will 
prove economical in all steam power plants (except, possible, 
where fuel is extremely cheap) and will much more than 
justify its cost. 


(decimal) 


ExampLe.—The temperature of the feed water which is being supplied 
to a boiler is 60° F. ‘The boiler generates dry saturated steam at a pres- 
sure of 150 lb. per sq. in. gage. What will be the saving in fuel if a 
feed-water heater is installed which heats the feed water to a tempera- 
ture of 210° F.? Soxturion.—From the steam table (Table 394), the 
total heat of 1 lb. of dry saturated steam at a pressure of 150 lb. per sq. in. 
gage = 1,195 B.t.u. By For. (345) the saving, X = (71 — T.)/{H — 
(T, — 32)] = (210 — 60) + [1,195 — (60 — 32)] = 150 + 1,167 = 0.128 
or 12.8 per cent. 


521. A Fuel Economizer (Fig. 452) consists of a number of 
vertical tubes which connect toa header. The fueleconomizer 
is interposed in the path of the flue gases between the last pass 
of the boiler and the chimney. The feed water enters the 
economizer tubes at A (Fig. 452) and leaves them at B. 
When the products of combustion—the flue gases—leave the 
boiler they are ordinarily at a temperature of from 450° to 
700° F. By passing the flue gases over the tubes of an econo- 
mizer, their temperature may be reduced to a value say, 
between 225° and 400° F. This reduction in temperature is 
caused by a portion of the heat in the flue gases being trans- 
ferred to the feed water in the economizer. The average 
temperature of the feed water upon ecentran to the econo- 
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mizer varies, in different installations, from about 60° to 
200° F., the average being about 140° F.; that at the exit 
varies from about 200 to 325° F., the average being about 
260° F. Thus, it is evident that the use of a fuel economizer 
results in the saving of a portion of the heat which is ordinarily 
lost in the flue gases (Sec. 484). Fuel economizers are some- 
times connected in series with exhaust-steam feed-water 
heaters. Then the feed water is first heated in the feed-water 
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Fig. 452.—Typical installation of a fuel economizer. The gases travel horizontally 
away from the reader in C and return toward the reader through the economizer at D and 
thence to the chimney. 


heater, after which, it is passed through the economizer 
wherein its temperature is still further increased. In other 
cases the feed-water is pumped directly from the hot-well, 
or other source of supply, directly to the economizer. 
Nore.—Tuz TuroreticaL Money Savina Dus To Economizer 
InstatuaTion May Not Auways Br Reauizep, particularly in small 
plants, because of the initial and maintenance expense of the economizer 
and because its installation reduces the chimney gas temperature and 


thereby tends to interfere with the production of draft (Sec. 256). In 
fact, economizers seldom are economical in plants of capacities of less 


than, say, 500 hp. 

522. The Theoretical Saving In Fuel Which Is Obtained By 
Using A Fuel Economizer may be computed by For. (345), 
See. 520, by substituting for 7; and 72, respectively, the tem- 
peratures in degrees Fahrenheit of the feed water as it enters 
and as it leaves the economizer. However, the actual saving 
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which is effected by the economizer will be less than the value 
so obtained because of the power which is required to drive the 
economizer soot-scrapers and because of the extra power 
which will be required to force the gaseous products of com- 
bustion through the economizer. On account of the addi- 
tional restriction which is offered by an economizer to the 
passage of the flue gases, the use of an economizer practically 
always requires that the draft pressure be maintained by 
artificial means (Sec. 524). Thus, with a natural-draft fur- 
nace, the installation of a fuel economizer may result in such 
poor combustion that the overall economy of the plant will 
actually be decreased. In large installations of, say about 
500 hp. and above, where the load is such as to require opera- 
tion of the boilers considerably above their rated capacity, 
an economizer may effect a fuel saving of from 5 to 20 per cent. 

523. A Superheater (S, Fig. 427 and Fig. 335) is a device 
consisting of some sort of piping arrangement, which is exposed 
to hot furnace gases, through which the steam passes after it 
leaves the boiler drum. The superheater may be located in 
the boiler furnace or in a separate superheater furnace. In 
either case the steam is superheated (Sec. 356) as it passes 
through the superheater. The total temperature of the 
superheated steam in American practice does not ordinarily 
exceed 500 or 600° F. The use of superheated steam gener- 
ally increases the economy of the plant, particularly medium 
and large-capacity plants. The principal reasons for this are 
that with superheated steam: (1) The water rate (Sec. 507) of 
the prime mover is reduced. (2) There is less heat loss both in 
the piping and within the prime mover. 


Noty.—Tup Water Rate Or A SteAM PRimE Mover Is DECREASED 
By SuprrHeatTinGc THE Steam, but the decrease is not, ordinarily, so 
great for a steam turbine as it is for a steam engine. The decrease in 
the water rate is, for a steam engine about 1 per cent. for every 6° F. 
of superheat, and for a steam turbine about 1 per cent. for every 10° F. 
of superheat. But, since the water rate is not necessarily indicative of 
the overall economy (Sec. 526) of the plant, the actual monetary saving 
which is effected by using superheated steam must be determined for 
every installation. The actual saving depends upon so many variable 
factors that no general rule covering it can be given. However, in 
general, the use of superheated steam will, for large installations, result 

32 
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in a considerable saving as compared to the use of saturated steam. 
Superheating saves fuel by minimizing the condensation of the steam in 
the piping and the heat engines. Condensed steam represents, in general, 
a non-recoverable heat loss and furthermore it causes friction losses in 
the piping and heat engines. 

524. Artificial Draft Apparatus is any apparatus for increas- 
ing the amount of air for combustion which flows through the 
furnace above that which is produced by the chimney. If 
chimneys were all built sufficiently large and high, artificial 
draft would never be needed. However, the building of suffi- 
ciently-large chimneys would frequently entail a prohibitive 
initial cost. Consequently, some sort of artificial draft 
apparatus (Sec. 525) will probably prove economical under the 
following conditions: (1) When the temperature of the chimney 
gases is low, as when an economizer is used. (2) When the 
boilers are to be worked greatly in excess of their normal rating. 
(3) When fuels which require intense draft pressure are used. 
(4) When certain kinds of stokers, such as the underfeed, are 
used. (5) Where balanced draft (Sec. 525) is desired. Practi- 
cally all artificial draft is used in conjunction with the natural 
draft provided by the chimney. 

525. The Apparatus Used In The Production Of Artificial 
Draft is, usually, either: (1) A steam jet, Figs. 453 and 454, 
wherein the draft pressure is p 
produced by a jet of live 
steam issuing from an orifice. 

Lowen Stearn Supply Grate. 


Gs S-+--Steam Supply 
Fie, 453.—Steam-jet forced draft. Fia. 454.—Steam-jet induced draft. 


(2) A fan or blower. The fan or blower is usually driven 
by an electric motor or a steam turbine. When artificial 
draft is produced by a fan or blower it is called mechanical 
draft. There are three kinds of artificial draft: (1) Forced 
draft, Figs. 453 and 455, wherein the ash pit is made tight, 
and the apparatus—blower or steam jet—supplies air to it at 
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a pressure above atmospheric. (2) Induced draft (Figs. 454 
and 456) wherein the apparatus draws the furnace gases from 
the furnace outlet and forces them up the chimney. Thus, 
with induced draft the pressure within the furnace is ordi- 
narily below atmospheric. (3) 
Balanced draft, which is a com- 
bination of forced and induced 
draft, which is ordinarily so ar- 
ranged that the pressure within 
the furnace is automatically x 
maintained at practically at-"% 
mospheric or just a little below — 
atmospheric. 


Z Lich 


Fia@. 455.—Mechanical forced draft. 
Norre.—Tur Apvantaces Anp Disapvantaces Or THE THREE 
Kinps Or ArtirictaL Drart which are mentioned above may be briefly 
stated as follows: (1) With forced draft, the pressure within the furnace 
tends to prevent the leakage (Sec. 493) of cold air inward through the 
setting. However, this pressure within the furnace may force some of 
the furnace gases out through the fire doors or other openings and thus 
contaminate the air of the boiler room with the pungent furnace gases. 
(2) With induced draft, any tendency for the leakage of air into the fur- 
nace through cracks in the set- 
ting is augmented, because the 
pressure within the furnace is 
less than that of the air on the 
outside. But this reduced pres- 
EEE | ae sure within the furnace tends 
RESTA. to prevent the furnace gases 
from escaping into the boiler 
room. (3) With balanced draft, 
there is neither a tendency for 
the air to Jeak through the 
boiler setting nor for the 
furnace gases to escape into 
the boiler room. The fire is 
not affected by opening the 
furnace doors for adding coal or fixing the fire. Very finely-divided 
fuel can be burned. High rates of combustion can be realized without 
any appreciable detriment to the economy. Balanced draft, however, 
ordinarily requires a duplicate set of steam jets, blowers, or fans. 


526. There Are Several Methods Of Expressing The Overall 
Efficiency Of An Entire Steam Power Plant, among which are: 
(1) The number of pounds of fuel required per unit of energy 
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output. This method of expressing the efficiency is, unless 
the heat content of the fuel is known, rather indefinite. (2) 
The quantity of heat energy, in British thermal units, (in the 
fuel) which is required to produce one unit of energy output. (3) 
The percentage ratio of the energy output to the heat input in 
the fuel. In each of the above methods of expressing the effi- 
ciency, the energy output may be measured in kilowatt-hours 
at the generator terminals, or in horsepower-hours measured 
either at the shaft of the prime mover (Sec. 507), or within 
the engine cylinder (Sec. 504). Whatever method is used, 
there should always be included a statement as to where the 
energy output was measured. The method of computing each 
of the above efficiencies is explained in the following notes. 
The overall efficiency may be useful for comparing the opera- 
tion of two or more power plants, or for comparing the opera- 
tion of one power plant during different periods, such as the 
performance of different shifts. However, if the thermal 
efficiency of a plant is, say 10 per cent. the question immedi- 
ately arises as to what happened to the other 90 per cent. of the 
heat. The destination of the other 90 per cent. may be deter- 
mined by making a complete test of the plant, and then tabulat- 
ing the results of the test into a “heat balance” (Sec. 527). 


Notr.—To Drtrermine Tue OveraLL Erriciency Or A STEAM 

Power Puant In Terms Or Tut Numper Or Pounps Or Furi 
ReQuireD Per Unit Or Enerey Ovrrvt, it is necessary to weigh the fuel 
which is consumed during a given period and to measure the energy out- 
put for the same period. Then, the overall efficiency of the plant during 
that period may be computed by the following formula: 
(346) WwW ="? (pounds per energy unit) 
Wherein: Wr = the total weight, in pounds, of the fuel consumed during 
the given period. e = the total energy output, in kilowatt-hours or 
in horsepower-hours, during the given period. Then W = the number of 
pounds of fuel consumed per kilowatt-hour, per brake horsepower-hour 
or per indicated horsepower-hour, as e is expressed in kilowatt-hours, 
brake horsepower-hours, or indicated horsepower-hours. 

Norm.—Tue Overatty Erricrency Or A Srmam PownrR Puant, 
Expressep In Terms Or Tue Numper Or British THERMAL UNITS 
Supriizrp As Fur, Per Unit Or Enrreay Ourrut, may be determined 
by the following formula: 


(347) Q=HxXW (B.t.u. per energy unit) 
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Wherein: W = the number of pounds of fuel consumed per unit of energy 
output as determined by For. (346). H = heating value, in British 
thermal units per pound, of the fuel (Sec. 452). Then Q = the heat, in 
British thermal units which must be supplied as fuel to produce one 
unit of energy output in which e of For. (346) was expressed. Thus, Q 
may be expressed as the number of British thermal units per kilowatt- 
hour or per horsepower-hour measured either at the prime mover shaft 
(per brake horsepower-hour) or in the engine cylinder (per indicated 
horsepower-hour). 

Norr.—Tue Overaty TuermMau Erricrency, which is the ratio 
of the heat equivalent of the mechanical or electrical energy output to 
the heat input as fuel, may be computed as follows: 

If the energy output is measured in kilowatt-hours at the generator ter- 
minals, use the following formula: 

3,413 : 
(348) Eg = ——— (decimal) 
Qe 
Wherein: Eg = the overall engine and generator efficiency referred to 
the kilowatts developed by the generator, expressed decimally. Q, = 
the heat in British thermal units in the fuel required to produce 1 kw.-hr. 
at the generator terminals as determined by For. (347). 

If the energy output is measured in horsepower-hours within the engine 

cylinder, use the following formula: 


(349) Er = (decimal) 


Wherein: Er =the actual thermal efficiency, expressed decimally, 
referred to the indicated horsepower (the energy output is meas- 
ured within the engine cylinder). Qv7 = the heat in British thermal 
units per indicated horsepower-hour as determined by For. (347). 

If the energy output is measured in horsepower-hours at the prime mover 
shaft, use the following formula: 


2,545 
(350) Ez = Os" (decimal) 


Wherein: Ez =the overall engine efficiency, expressed decimally, 
referred to the brake horsepower (energy output measured at prime mover 
shaft). Qz = the heat, in British thermal units per brake horsepower- 
hour, as determined by For. (347). 

Exampte.—In a test of a steam power plant for a given period of time 
the total energy developed was 9,000 kw.-hr. During the same period 
27,600 lb. of coal was fired. The heating value of the coal as fired was 
12,800 B.t.u. per lb. How many pounds of coal and what quantity of 
heat were consumed per kilowatt-hour? What was the overall engine 
and generator efficiency referred to the generator output? SoLurion.— 
By For. (346), the coal consumption, W = Wr/e = 27,600 + 9,000 = 
3.06 Ib. per kw.-hr. By For. (347), the heat supplied in the fuel, Qe = 
H X W = 3.06 X 12,800 = 39,168 B.t.u. per kw.-hr. By For. (348), the 
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overall engine and generator efficiency referred to the kilowatt output of the 
generator, Eg = 3,413/Q¢ = 3,413 + 39,168 = 0.087,1 or 8.71 per cent. 

527. The “Heat Balance” Of An Entire Steam Power Plant 
consists of a quantitative tabulation of values obtained by 
test and calculation of the distribution or destination of 
the heat which is contained in the fuel as fired. Table 528 
shows an example of a heat balance of a steam power plant 
which is tabulated in accordance with the “A. 8S. M. E. Test 
Code, 1915.” It is called a “‘balance’’ because in it the sum 
of all of the British thermal units consummed—usefully or 
wastefully—must equal the British thermal units supplied; 
that is, these amounts must balance. The various destinations 


Moisture In Coal, 2.5% 
Hydrogen In Coal, 2.0 % 
Carhon Monoxidle,0.5 % 
Ash, 3.0 7 

Moisture In Air, 0.2 % 
Radiation Etc, 1.9% 
Boiler Auxiliaries, 0.1% 
Steam-Pipe 

Rodiation, 0.5 % 
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Fie. 457.—Graphical representation of the steam-power-plant heat balance which is 
tabulated in Table 528. 


of the heat which was contained in the 1 lb. of coal of Table 
528 is shown graphically in Fig. 457. A pictorial representa- 
tion of a heat balance of a simple stationary plant is shown in 
Fig. 458, and that for a locomotive engine is shown in Fig. 
459; see also the frontispiece. By making a complete test of a 
steam power plant, and then by arranging the data obtained 
therefrom into a “‘heat-balance” (Table 528), information is 
available whereby the operator may be guided in improving 
the overall economy of the plant by decreasing certain of the 
heat losses. 
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Lost As Heat In Gases 14%. Cinder loss 8% 


Used By Auxiliary Apparatus 6%- 
uN 


Water Pacer Geer % 


Lost As Exhaust Steam 522, 
Radiation Loss 5% 


We Unburned Gas 


VY And Soot 


UHRA AL 1055 4% 


Ashpan Loss 4 or Useful Work At Drawbar 67° 


: Se tion Loss 1% 


Fra. 459.—Illustrating the destination of the heat content of the fuel which is fired in a 


steam locomotive. 


528. Table Showing An Example Of A Heat Balance Of A 
Steam Power Plant.—(In accordance with “A. 8. M. E. 
Power Plant Test Code, 1915.”’) See Div. 14 for explanation 


of various items under ‘“‘ Boiler Losses.”’ 


B.t.u. Per 
Items Lb. Coal | Fer Cent. 
As Fired 
1. Haar Unrissln Coauscracte temetnn sels iaainie ieee eres 13,500 100.0 
2. BorteR Losses 
(a) Loss due to evaporation of moisture in coal......... 338 259 
(b) Loss due to heat carried away by steam formed by 
_ the burningvof hydrogen... «0 ses cise vince oie 270 2.0 
(c) Loss due to heat carried away in the dry flue gases... 2,106 15.6 
(d) Moss) dueito carbonimonoxide.. ccs «serene cen ocie ens 67 0.5 
(e) Loss due to combustible in ash and refuse.......... 405 3.0 
(f) Loss due to heating moisture in air................ 27 0.2 
(g) Loss due to unconsumed hydrogen and hydrocar- 
bons, to radiation, and unaccounted for........... 257 139 
(h) Heat supplied steam-driven appliances for operating 
boilers less that recovered by heating feed water... 13 0.1 
(4). Doar, BomimR Losses tence cee cic oteren 3,483 25.8 
3. EneingE ConsSuMPTION 
(2) Radiation from) steam) pipe uscacieciieieaeitceieie vecie vie 67 0.5 
(b) Radiation from engine or turbine.................. 13 0.1 
(c)! Hest rejected’ toccondenser....s- gcse cee cee cue we GakOo 53.0 
(d) Heat withdrawn from engine receivers or turbine 
stages for other use than heating feed water....... 0 0.0 
(e) Heat lost by leakage of steam piping.............. 95 0.7 
Gf) Heaticonverted antonw Ora sna etna 2,187 16.2 
4. Hear In Stream Supriiep For Purroses Forntaen to 
engine ‘or turbineanadacacecmeta cl ae omic nian eine oe eee 500 Sars 
TOVALS* (Same as tem: 1))ceanem ee ceteris Caetoiet mere eer 13,500 100.0 
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QUESTIONS ON DIVISION 15 


1. What is the function of a steam power plant? Explain briefly how this function 
is performed. 

2. Name the essential parts of a steam power plant. 

3. Describe fully the function of: (a) The boilerfurnace. (b) The combustion cham- 
ber. (c) The boiler. (d) The steam piping. (e) The prime mover. 

4, Name the principal types of bozler furnaces. 

5. How may boilers be classified? What is a fire-tube boiler? A water-tube boiler? 

6. Name three principal types of fire-tube boilers. 

7. What is an externally-fired boiler? An internally-fired boiler? 

8. Name the general applications for which boilers of the different types are particu- 
larly well adapted. 

9. How is the efficiency of a boiler and furnace determined? 

10. Explain what is meant by a boiler horsepower. How are boilers rated by the 
manufacturers? 

11. What two kinds of prime movers are generally used in a steam power plant? 

12. Describe with sketch the operation of a simple D-slide-valve steam engine. 

13. Draw a typical indicator diagram and indicate thereon the location of: (a) The 
point of cut-off. (b) The point of release. (c) The admission line. (d) The expansion 
line. (e) The exhaust line. (f) The compression line. (g) The atmospheric line. 

14. How can the power which is developed in the engine cylinder be determined? 

15. What is meant by indicated horsepower? 

16. What are the principal applications of steam turbines? 

17. Name the two principal types of steam turbines. 

18. Explain briefly how the heat energy in the steam is converted into mechanical 
work by an impulse turbine. By a reaction turbine. 

19. Give the formula for computing the thermal brake efficiency of a steam prime 
mover. 

20. How are steam prime movers rated? 

21. Define water rate. When is the water rate of a prime mover indicative of its 
efficiency? 

22. Name the principal auxiliaries which are frequently used in steam power plants. 
In general, what is the purpose of the auxiliaries? 

23. What are the two principal types of boiler-feeding apparatus? 

24. Explain the operation of a simple injector. What are some of the advantages and 
disadvantages of an injector for boiler-feeding? 

25. What two types of pumps are generally used for boiler-feeding? Explain the 
operation of each. 

26. Why is a centrifugal pump preferable to a piston pump for boiler-feeding? 

27. What is the function of a condenser? Explain how it performs this function. 
What is the percentage of saving in steam which a condenser may be expected to provide? 

28. Name the two principal types of condensers. Explain briefly how each operates. 

29. Describe briefly the operation of each of the principal types of jet condensers. 

30. For what purposes are pumps used in conjunction with the operation of conden- 
sers? What types of pumps are generally used for these purposes? 

31. State three reasons why the boiler feed water should be heated before it is 
admitted to the boiler. 

32. What are the two principal sources of heat which are utilized in preheating the 
boiler feed water? 

33. Explain how 1 lb. of exhaust steam at atmospheric pressure will raise the tempera- 
ture of about 6 lb. of feed water from about 50° F. to 210° F. 

34. What are the two principal types of feed-water heaters? Explain briefly the opera- 
tion of a feed-water heater of each type. Which type is preferable? Under what 
conditions must a closed heater be used? 

35. Show how to compute the saving in fuel which may be effected by a feed-water 
heater. 

36. What is a fuel economizer? Explain its operation, 
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37. Explain why the actual saving which is effected by a fuel economizer is less than 
the theoretical saving. 

38, Under what conditions may the installation of a fuel economizer actually decrease 
the economy? Under what conditions may it increase the economy? 

39. What is a swperheater? Where may a superheater be located? 

40. Give the principal reasons why the use of a superheater increases the economy 
of the plant. 

41. What is artzficzal draft? 

42. Under what conditions may artificial draft prove economical? 

43. What are the two different kinds of apparatus which are used to produce artificial 
draft? Explain, the meaning of the following terms: (a) Forced draft. (b) Induced 
draft. (c) Balanced draft. 

44, State the advantages and disadvantages of forced draft, induced draft, and 
balanced draft. 

45. Give three methods of expressing the overall efficiency of an entire steam power 
plant. In what manner may the overall efficiency of a plant be useful? 

46. Explain how each of the three methods (Question 45) of expressing the overall 
efficiency may be determined. 

47. What is a heat balance? 

48. How may the heat balance be used in increasing the overall efficiency of a power 
plant? 


PROBLEMS ON DIVISION 15 


1. If a boiler absorbs 8,000 B.t.u. for each pound of fuel fired, what is the boiler and 
furnace efficiency if a calorimeter test of the coal as fired shows that the heating value 
is 11,450 B.t.u. per lb.? 

2. During a 10-hr. test of a steam power plant 5,350 lb. of coal was consumed, which 
had a heating value of 13,300 B.t.u. per lb. During the same period 55,120 lb. of dry 
saturated steam at a pressure of 150 lb. per sq. in., gage, was formed. The temperature 
of the boiler feed water was 210° F. What was the boiler, grate, and furnace efficiency? 

3. During the test of Prob. 2, the double-acting simple Corliss engine was running at 
aspeed of 200r.p.m. The average mean effective pressure for the head-end and crank- 
end of the cylinder was 59.0 lb. per sq. in. The diameter of the piston was 16in. the 
length of stroke was 22 in. The diameter of the piston rod was 2in. What was the 
average indicated horsepower which was developed during the test? 

4. Due to leakage, condensation, and steam consumption of the auxiliaries, the engine 
of Prob. 3 consumed only 94 per cent. of the steam which was generated by the boiler in 
Prob. 2. If the steam at the engine throttle was dry saturated at a pressure of 145 lb. 
per sq. in, gage, and the temperature of the exhaust was 220° F., what was the thermal 
brake efficiency if 90 per cent. of the power developed within the engine cylinder is 
delivered at the shaft? 

5. What was the water rate per indicated horsepower-hour of the engine in Prob. 3? 

6. The feed water for the power plant of Prob. 2, which was at a temperature of 70° F., 
was heated in an open feed-water heated to 210° F. by exhaust steam from the main 
engine. What saving in fuel was effected by thus heating the feed water? 

7. What was the overall efficiency of the power plant of Prob. 2 and 38 referred to the 
indicated horsepower expressed in pounds of coal per indicated horsepower-hour, and 
in British thermal units per indicated horsepower-hour? What is the actual thermal 
efficiency? 

8. If the scale of the spring which was used in taking the indicator diagram of Fig. 
437 had been 50, what would have been the value of the mean effective pressure? 


DIVISION 16 
INTERNAL-COMBUSTION-ENGINE POWER PLANTS 


529. In The Internal-combustion-engine Power Plant the 
fuel is burned within the engine cylinder. A part of the heat 
which is thus liberated within the engine cylinder is utilized 
in doing work on the piston. The products of combustion 
(Sec. 463) are the working medium. In the steam-engine 
power plant, the fuel is burned in a furnace. A part of the 
heat which is liberated by the combustion of the fuel in the 
boiler furnace is utilized in evaporating water to steam. 
The steam, which is the working medium, is then piped to 
the engine, whereupon a part of the heat energy in the steam is 
utilized in doing useful work. The use of an internal-combus- 
tion-engine power plant eliminates the radiation and steam- 
leakage losses from the boiler and piping of a steam power 
plant. Consequently, the thought arises that the internal- 
combustion-engine plant should, theoretically, be the more 
efficient of the two. This is true, although as explained in 
Sec. 550, the higher theoretical efficiency of the internal-com- 
bustion-engine plant is not wholly due to the reason stated 
above. 

Notz.—Tue Svussect Or INTERNAL-COMBUSTION-ENGINE POWER 
Puants In Tue Foutowine Orper Is Treatep In Tuis Division: 
(1) Fuels used. (2) Methods of mixing fuel with the air for combustion. 
(3) Methods of ignition. (4) Methods of governing. (5) Explanation of 
the operation of a two-stroke and a four-stroke cycle engine. (6) Classifica- 
tion of internal combustion engines according to compression pressure. 
(7) Description of various types of engines. (8) Testing and efficiencies. 
(9) Costs and ratings. 

530. An Internal-combustion Engine is an engine wherein 
the combustion of the fuel (Sec. 461) occurs within the cylinder 
of the engine. The air which is required for combustion 
(Sec. 464) may be mixed with the fuel before admission to 
the cylinder (Sec. 534), or the mixing may be effected within 
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the cylinder Sec. (535). An amount of air in excess of that 
which is theoretically required for combustion is always 
necessary. 


EXxpLaNnaTIon.—The mixture of fuel and air is ignited within the 
engine cylinder, usually after it has been compressed into a small volume 
at high pressure. Upon ignition, combustion ordinarily occurs with such 
rapidity that it may be considered an explosion. Thus, a large amount 
of energy is almost instantaneously transformed from chemical energy 
to heat energy. The heat energy which is liberated thereby, raises the 
temperature and pressure of the gaseous products of combustion. These 
gases, then being at an extremely high temperature, exert an enormous 
pressure on the piston head. This pressure on the piston, which is con- 
nected to the crank shaft through the connecting rod, causes the crank- 
shaft to rotate. By suitable gears, belts, or other transmission devices, 
this rotation of the crankshaft may be utilized to drive machinery, and 
so do useful work. Thus, by means of the internal-combustion engine, 
the chemical energy of the fuel is transformed into heat energy, which is 
utilized in doing useful work. Various methods which are employed in 
securing this result are described in detail hereinafter in this division. 


531. The Different Kinds Of Fuels Which Are Used In 
Internal-combustion Engines are: (1) Gaseous fuel, either 
natural gas or some kind of artificial gas such as producer gas, 
blast-furnace gas, or illuminating gas. Inasmuch as the 
artificial gases usually originate from a solid fuel (Sec. 448) 
the statement may be made, if considered in the broadest 
sense, that solid fuel may be used for operating internal- 
combustion engines. However, a solid fuel must ordinarily 
be reduced to the gaseous state before it can be effectively 
utilized in an internal-combustion engine. (2) Liquid fuel, 
such as gasoline, kerosene, or fuel oil. Whatever kind of fuel 
(Div. 13) is used, the principles involved (see Sec. 530) in 
transforming the chemical energy of the fuel to heat energy, 
and then utilizing the heat energy in doing useful work are 
essentially the same. However, the details of design of the 
engine, as shown hereinafter, are, in a measure, determined by 
the kind of fuel which is to be used. 

532. Before Combustion Of A Fuel Can Occur, The Fuel 
Must Be Mixed With Air—lIn order to mix the fuel with air 
for effective utilization in an internal-combustion engine, the 
fuel must first be in a gaseous state, or in a state of finely 
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divided liquid. If there is too much air—lean mixture—or 
if there is insufficient air—rich mixture—the efficiency of the 
engine will be decreased. The best proportions of air to fuel 
must be determined by experiment for each individual case. 
In any event, the quantity of air required is greater than that 
(Sec. 472) which is theoretically necessary for combustion. 
Various methods of gasifying the fuels (Sec. 533) and mixing 
with air are described in the following sections. 

533. The Proper Mixing Of Air With A Gaseous Fuel such 
as natural gas or artificial gas is a very simple matter. The 
air and the gas, in the proper proportions, are merely admitted 
(Fig. 460) to the cylinder, C, through theinlet valve, V. While 
passing through the valve, V, 
the mixing is effected. One 
method of obtaining artificial gas 
is described below. 


Air Cock 


yd Cap 


Norre.—An Upprart Suction Pro- 
DUCER-GAS PowrR PuantT is illus- 
trated in Fig. 461. The coal is fed 
into the top of the generator, G. Air 
which was heated in the preheater, yg, 460—Showing method of mixing 
P, enters the generator at its bottom. fuel and air in a gas engine. 
When this air comes in contact with 
the lower part of the fuel bed, carbon dioxide (Sec. 465) isformed. The 
burning of the coal to carbon dioxide supplies sufficient heat to keep 
the process going. As the carbon dioxide rises through the fuel bed 
it is reduced to carbon monoxide, which is, ordinarily, the principal 
combustible constituent of producer gas. Sometimes water is admitted 
to the generator, which, when contacting with the carbon at tempera- 
tures above 1,600° F. forms hydrogen gas and carbon monoxide (HO + 
C=H,+CO). This water, which is supplied in the form of steam, 
also tends to prevent clinkering. The gases which are thus formed in 
the generator, G, pass into the preheater, P. The hot gases give up a 
part of their heat in preheating the air which is supplied to G. 

From the preheater, the gases pass through the boiler, B, where the 
steam which is admitted to the generator is formed. From B, the gases 
are piped to the scrubber, S. The scrubber contains wet coke. As the 
gases pass through the scrubber, the dust, ammonia, and tarry volatile 
substances are remoyed. A storage tank or receiver, R, receives the 
gases which come from the scrubber. The purpose of the receiver, R, is 
to prevent a sudden rush of gas through the apparatus when the gas 
engine, E, is sucking a charge, and a sudden halting of the gas flow after 
the admission valve is closed, The producer gas is drawn from RF into 
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f a typical updraft suction-producer gas-power plant 


view 0 


Fia, 461.—Sectional 
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the engine, #, wherein it is mixed with air, and burned. The heat thus 
given up drives the engine (Sec. 530). The burned gases are exhausted 
into the atmosphere through the engine exhaust. A heat-balance chart 
for a producer-gas power plant is shown in Fig. 462. 


(90. Btu Piping 0.72% 
| 2630 Btu, Useful Out- 


Peuaton/as ps f A% 
adiation /#*\** + \\\ y put OF Engine 210. 
Oa yee g 
ping. EL... 4, 2500 Btu 
066%) Meshaust 20% 
‘ c A a zt PK] 4,060Btu, 
1070 Btu haviger ly WV (Ged 4 
Radiation heli: Rafe of) F AY leaging water of 
8.56255 4 AEngine 52,482 
180 B.tu ‘$35 B. tle 
Ash, ; .tu,.|Engine Friction 
laa% ae Aan And Leakage 
: elas Mixture Ett. 
ih 4,28% 


. 3570 Btu 
YLb,Coal-12,500 Batu Per Lb, 100% 


Fie. 462.—Heat balance diagram of a typical producer-gas power plant. The percent- 
age values are given in terms of the total heat energy liberated by the combus- 
tion of 1 lb. of coal. 


534. The Mixing Of Air With A Light-liquid Fuel, Such As 
Gasoline Or Kerosene, Is Usually Effected By Means Of A 
Carburetor (Figs. 463, 464, 465, and 466). A simplified 
gasoline carburetor for a portable engine is shown in Fig. 463. 

70 Engine Cylinder, 


Spray Of Finely 
Bilao! Gasoline----: 
Hof. sa ter In/et-. 
Levers-~. . ‘ Auxiliory* 
; Air Inte? J 
—> 


*-Annular CF E] Needle Valve’ ' 


Cork RING B3Chocker a 4 
“Gasoline Inlet pole Gasoline Inlet 


Fic. 463.—A simple gasoline carburetor. Fia. 464.—A ‘‘puddle” carburetor. 


It consists of a bowl, D, in which the gasoline is maintained at 
a constant level by a float feed-valve. This float feed-valve 
consists of a cork ring, A, which operates the valve, B, through 
the levers, C. From bowl D, wherein the gasoline level is 
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thus maintained practically constant, the gasoline flows 
through a small nozzle, G, around a needle valve stem. By 
varying the opening of this needle valve, the quantity of gaso- 
line flowing through it may be varied. The needle-valve 
opening in the nozzle, G, is placed in a restricted passage in the 
air inlet, I. 

ExpLANATION.— During the admission or suction stroke of the piston, an 


air charge is drawn through this restricted passage where it attains a high 
velocity. The high velocity of the air through this restricted passageway 


it gl 


70 Engine ’ 
for Adjusting/ 
Needle-Vave( 
Opening £& 
4 RK 


N 
iy 


Thumb-Nu#" 
Fic. 465. Fie. 466. 
Fia. 465.—Outside view of the Lunkenheimer carburetor. (Right-hand pattern.) 
Fia. 466.—Carbureting or generating valve for stationary gasoline engine. (Left- 
hand pattern—The Lunkenheimer Co. On the suction stroke, valve F is lifted by the 
suction, uncovering the gasoline port and admitting air. The air and gasoline thus 
admitted are mixed in the mixing chamber A, whence they are carried to the cylinder. 
The supply of gasoline is regulated by the needle valve, O, through the thumb-nut, P. 
The volume of the mixture which is admitted to the engine is regulated by a revolving 
throttle, D, which is operated by a lever M.) 

‘ 
results in a pressure at the needle-valve opening which is below the atmos- 
pheric pressure over the gasoline in D. Consequently, a fine spray of 
gasoline flows from the needle-valve opening and mixeswith theair. The 
gasoline, in the form of vapor and finely divided liquid, /, mixes with the 
air and is carried into the cylinder through H, To further assist in 
vaporization, the air passage is sometimes surrounded by a chamber, £, 
through which hot water from the radiator or hot gas from the exhaust 
manifold is circulated. The auxiliary air inlet, J, is provided to vary the 
ratio of gasoline to air in the mixture at different engine speeds by mixing 
fresh air with the stream, F, of air and gasoline vapor. In a kerosene 
carburetor, the liquid in bowl, D, and the air are usually warmed by the 
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hot gas from the exhaust. Stationary gasoline engines are not usually 
provided with a float feed-valve carburetor. For such engines a puddle 
carburetor (Fig. 464) or a carbureting valve (Fig. 466) are frequently used. 


535. The Mixing Of Air With A Heavy-liquid Fuel, Fre- 
quently Called Fuel Oil is usually effected within the engine 
cylinder. Usually, on the suction stroke of an oil-burning 
engine (Sec. 547) only pure air is 
drawn into the cylinder. Then 
at the proper instant during the 
compression stroke, the fuel oil is 
sprayed into the cylinder through 
a properly designed fuel valve 
(Fig. 467) which is usually 
mounted in the cylinder head; 
see Fig. 482. The fuel valve is 
provided with a device called an 
atomizer (B, Fig. 467), the func- 
tion of which is to break up the 
liquid fuel into small droplets so 
that intimate contact (Sec. 532) 
between the fuel and air will be 
provided. If the oil charge is 
separated into many minute 
particles, a greater surface area 
of oil is presented to the air. 
This results in rapid combus- 
tion. The operation of a fuel 
valve of the closed type is de- 
scribed in the note below. 


Needle Valve 


1 KS, GG 


----Atomizer 
(@) 


To Cylinder 


Fie. 467.—Simple fuel injection valve 
for high-pressure oil engine. 


Nots.—Tue Basic Princippe Or A Furu Insection VatvE For 
HicH-PRESSURE O1L-BURNING ENarnzss is illustrated in Fig. 467. Fuel 
oil and air are pumped under high pressure into the valve through 
channels A and C, respectively. At the proper instant during the cycle, 
the needle valve, D, is lifted from its valve seat by means of a cam-actu- 
ated rocker. The high-pressure air carrying the oil charge with it rushes 
through the atomizer, B, and into the cylinder. The atomizer which 
is shown in Fig. 467 consists of three perforated discs. As the oil is 
forced through the tortuous passages in the atomizer discs, it is broken 
up into fine droplets, in which condition it is carried into the cylinder. 
Scarcely any two oil-engine manufacturers follow the same design in the 

33 
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fuel valve. However, practically all employ some such principle as 
that described above. 


536. The Ignition Of The Fuel In Most Modern Internal- 
combustion Engines is effected by: (1) An electric spark 
(Figs. 468 and 469) which is caused to jump across the terminals 
of a spark plug (Fig. 469) in the cylinder end or which is caused 
by the breaking of a circuit between two contractors or “‘elec- 
trodes” which are located within the engine cylinder. (2) Hot 


wr battery 


Va 
UL 
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Spark Co/l--° 


Are Drawn 
Bes Here When. 
Bg ps Llectrodes 


From ; 
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I-Circuit Closed I-Circuit Open 


Fic. 468.—Diagram of make-and-break (electric) ignition system. This system 
has the one advantage of low cost and therefore is used chiefly on relatively cheap 
engines. . 


ball or hot bulb (Fig. 470). In the hot-ball method of ignition, 
there is a ball-shaped chamber in the head end of the cylinder 
which is not water-jacketed. In starting the engine the ball is 
heated to almost a red heat by a blow-torch. The fuel valve 
directs the charge of fuel against this hot metal surface, where- 
upon ignition occurs. Then after the engine is started, the ball 
is maintained at a red heat by the heat of the combustion. 
(3) Compression. In the compression method of ignition 
the pure air which is drawn into the cylinder on the suction 
stroke (Sec. 547) is, at the end of the compression stroke, 
at such a high temperature that it ignites the fuel charge as 
soon as the fuel is admitted to the cylinder. 
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Norr.—Aprrications.—In general, the electric spark is used for igniting 
the fuel in gas, gasoline, and kerosene engines; the hot-ball method for low- 
and medium-pressure (Sec. 546) oil engines; and the compression method 


for medium- and high-pressure oil engines. 
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Fie. 469.—Diagram of high-tension (jump-spark) ignition system. This system 
is generally more reliable than the low-tension system (Fig. 468) and, though more 


expensive, is gradually superceding it. 
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Fia. 470.—Illustrating the hot-ball method of ignition for low-pressure oil-burning 


internal-combustion engines. 


537. The Three General Methods Of Governing Internal- 


combustion Engines are: (1) The hit-and-miss method. 


(2) 


Quantitative or constant-quality governing. (3) Qualitative or 
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constant-quantity governing. The hit-and-miss method is, 
from the standpoint of fuel economy, the most economical 
of the three methods. However, it is practical only for small 
engines where close speed regulation is not required. Some 
internal-combustion engines of the modern types employ a 
combination of the quantitative and qualitative methods of 
governing which is relatively simple and which provides a 
regulation, from no load to full load, of about 2 or 3 per cent. 
Each of these methods are briefly described in the notes below. 


Nore.—Tue Hit-anp-miss Metruop Or GoverninG INTERNAL-COM- 
BUSTION ENGINES consists in causing the engine to fail to take in a charge 
of fuel as long as the speed is too high. This is accomplished by having 
the governor so connected that as long as the speed is too high the inlet 
valve is held closed. In some engines, while the inlet valve is held closed 
the exhaust valve is held open and in other engines both the inlet and 
exhaust valves are held closed during the miss cycle. This method of 
governing is economical because the ratio of air to fuel in the mixture 
is constantly maintained at the most desirable value and a “full” charge 
of mixture is admitted whenever the fuel valve is open during a suction 
stroke (Sec. 540). However, in a four-stroke-cycle engine (Sec. 540), if 
the engine fails to take in a fuel charge it must make three more strokes 
before it has the opportunity to take in another fuel charge. In the 
meantime, the speed may have dropped too low. Relatively large fly- 
wheels are required for engines which employ this method of governing. 
The hit-and-miss method of governing is used for small gas and gasoline 
engines where close speed regulation is unimportant, as for example for 
engines for pump and concrete-mixer drives. 

Nore.—In Tue Quantitative Mernop Or Governine, the quantity 
of the charge is varied’ but the ratio of air and fuel in each charge remains 
constant. This method of governing may be effected by throttling, 
or by cutting off the fuel supply before the end of the suction stroke. 
Cut-off governing is not much used because of the complexity of the 
valve gear which is required. The objection to quantitative governing 
is that, as the load decreases, less mixture is drawn into the cylinder per 
cycle and the compression pressure decreases. Consequently, at light 
loads the efficiency is materially less than at full load. The quantitative 
method of governing is used for gas and gasoline engines in those services 
where very close speed regulation is required and where heavy flywheels 
would be objectionable—as, for example, in engines which drive alter- 
nating-current generators in parallel operation, and in automobile-truck, 
tractor, and large marine engines. Quantitative control is also employed 
where engines must be ‘“‘governed”’ (by hand) to run at various speeds, 
as in automobiles, aeroplanes, and motor boats. 
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Nore.—Tue QuauirativeE Metsop Or Governine consists of vary- 
ing the quality of the mixture—ratio of fuel to air in the charge—while 
the quantity of the charge remains nearly constant. The objection to 
this method of governing is that, at light loads the ratio of the fuel to the 
air is so small that sometimes the fuel may fail to ignite. Then, the fuel 
in the charge which did not fire is wasted through the exhaust. Also 
a ‘weak’? mixture burns very slowly, giving very little pressure on the 
beginning of the expansion stroke and, in extreme cases, the fuel is not all 
burned even at the end of the stroke. The qualitative method of govern- 
ing, in improved form, is used for practically all oil engines—low-pressure, 
semi-Diesel, and Diesel. 


538. Internal-combustion Engines May Be Classified 
According To The Number Of Strokes Per Cycle as: (1) T’wo- 
stroke-cycle engine, Fig. 471, sometimes called two cycle— 
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Fic. 471.—Longitudinal section of Bessemer two-stroke-cycle gas engine. 


wherein a complete cycle of events occurs for each two strokes 
of the piston. (2) Four-stroke-cycle engine (Fig. 472)—some- 
times called four cycle—wherein a complete cycle of events 
occurs for each four strokes of the engine. Engines of each 
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of these types are used. Each gives good results in the service 
(Sec. 541) for which it is suitable. The cycles of events for 
engines of each type are described in the following sections. 
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Fie. 472.—Vertical section of a single-acting four-stroke-cycle, vertical gas engine. 


Norg.—Practicatiy Aut InrERNAL-ComBUSTION ENGINES Must Ba 
Startrep From Some Ovutsipn Source Or Powrr.—The power for 
starting large engines is generally provided by compressed air. Small 
engines are usually started by hand, or by an electric motor driven from 
storage batteries. 


539. A Two-stroke-cycle Internal-combustion Engine is 
illustrated in Fig. 471. Engines of this type have no inlet or 
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exhaust valves. The gases are admitted and exhausted 
through ports in the cylinder which are covered and uncovered 
at the proper time during the piston travel. Some two- 
stroke-cycle engines are made with two ports, and some are 
made with three ports. The operation of a single-cylinder 
two-port, two-stroke-cycle gasoline engine is explained below. 


EXPLANATION.—Figure 473 represents a piston, A, within the cylinder, 
B, of a two-port, two-cycle gasoline engine. The piston is connected 
to a crank, D, by means of a connecting rod, C, so that continuous rotation 
of the crank imparts a reciprocating motion to the piston. Or conversely, 
a reciprocating motion of the piston will cause a rotating motion of the 
shaft. 

Assume that the piston is in the position shown in Fig. 473-J and that 
crank D is rotated, in the direction indicated by the arrow, by some out- 
side source of power (Sec. 538). This causes the piston to move upward 
to the position shown at JJ. This upward movement of the piston— 
which is called the crankcase suction stroke—increases the volume of the 
gases in the crank case, thereby decreasing the pressure within the crank- 
case below that of the atmosphere. Consequently, the atmospheric 
pressure on the outside of the crankcase causes air to enter the crankcase 
through the carburetor, G. 

As the air passes through the carburetor (Sec. 534) it picks up and 
vaporizes a quantity of fuel which is mixed with and carried into the 
crankcase by the air. As the crank is rotated further by the outside 
source of power, the piston is moved downward to the position shown at 
III. This downward movement of the piston—which is called the 
crankcase compression stroke—compresses the air-and-fuel mixture which 
is in the crankcase so that its pressure is something above that of the 
atmosphere. A check valve (not shown in illustration) prevents the fuel 
charge from being forced out through the carburetor. 

Therefore, when the inlet port (#, Fig. 473-/JJ) is uncovered by the 
downward movement of the piston, the air-and-fuel mixture, being 
at a higher pressure than the gases in the cylinder, passes through E 
into the cylinder. As the fuel charge—that air-and-fuel mixture— 
passes into the cylinder, it is deflected upward toward the top of the 
cylinder by the baffle, J. This prevents, to a large extent, the escape of 
the fuel charge through the exhaust port F, which at this time is also 
uncovered and open to the atmosphere. 

Further rotation of the crank moves the piston upward to the position 
shownin IV. ‘This upward movement of the piston—which is called the 
cylinder compression stroke—covers the ports H and F and compresses the 
fuel into the small clearance volume at the top of the cylinder. At 
the same time that the piston moves upward on the cylinder compression 
stroke, another fuel charge is drawn into the cylinder in the same manner 
as it was in the crankcase suction stroke explained above. While the fuel 
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is compressed in the upper part of the cylinder (Fig. 473-7 V), an electric 
“snark” or arc is made to jump between the electrodes or ‘“‘points”’ of 
the spark plug. See Sec. 536 on ignition. This ignites the fuel. 

After ignition combustion of the fuel occurs so rapidly that it may be 
termed an explosion. The chemical energy which is liberated as heat by 
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Fic. 473.—Illustrating the operation of a two-port, two-stroke-cycle gasoline engine, 


the combustion raises the temperature and pressure of the products of 
combustion, thereby exerting a great downward force on the piston. 
The downward force on the piston causes it to move downward. The 
downward movement of the piston which is caused by the pressure of the 
heated products of combustion is called the work stroke, This downward 
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motion of the piston is, through the connecting rod and the crank, 
transmitted to the shaft and causes it to rotate. Thus, the chemical 
energy of the fuel is transformed into heat energy which is in turn trans- 
formed into mechanical work of rotating the engine shaft. 

During this work stroke the fuel charge which was drawn into 
the crankcase during the cylinder compression stroke is compressed in the 
crankcase. About the time the piston completes the work stroke the 
exhaust port, F (Fig. 473-II), is uncovered and the burned gases begin 
to pass out through it to the atmosphere. A little later in the work 
stroke the inlet port, Z, is uncovered and the fuel charge which is com- 
pressed in the crankcase passes into the cylinder and expels the remain- 
der of the burned gases. This expulsion of the burned gases is called 
scavenging. 

The fuel charge which has just passed into the cylinder is compressed 
on the next upward stroke of the piston. The work which is required 
for this second cylinder compression stroke is done by the energy which 
was stored in the flywheel during the first work stroke. From this point 
on, the cycle of operations is continually repeated, each event of the cycle 
occurring as described above. However, after the engine is running on 
its own power, the work stroke and the crankcase compression stroke 
occur simultaneously; also, the cylinder compression stroke and the 
crankcase suction stroke occur simultaneously. 


540. The Operation Of A Four-stroke-cycle Internal- 
combustion Engine is explained below. For the purpose of 
explaining the operation only one cylinder is shown. How- 
ever, four-stroke-cycle engines are frequently made with more 
than one cylinder. 


ExpLaNATIon.—Figure 474 represents a piston, P, within the cylinder, 
G, of a four-stroke-cycle gas engine. The piston is connected to a 
crank, C, by means of the connecting rod, R, so that continuous rotation 
of the crank imparts a reciprocating motion to the piston. Or conversely, 
a reciprocating motion of the piston will cause a rotating motion of the 
crank. The inlet valve, A, and the exhaust valve, E, are controlled 
through the cams and push rods by gears Y and X. Gears Y and X 
are driven by a third gear T which is mounted on the crankshaft. The 
ratio of the number of teeth in gears X and Y to the number on T' is 
2:1. Consequently, for each revolution of 7’, gears X and Y make 4% 
of a revolution. 

Assume that the piston P and the gears X and Y are in the positions 
as shown in Fig. 474, and that the crank, C, is rotated by an outside 
source of power (see note under Sec. 538) in the direction indicated by 
the arrow. ‘The piston moves downward. The increase in the cylinder 
volume above the piston decreases the pressure therein and causes a 
charge of fuel-and-air-mixture to be drawn into the cylinder through the 
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inlet valve A. This downward movement of the piston is called the 
suction stroke or admission stroke. By the time the suction stroke is com- 
pleted (Fig. 475), the inlet valve is closed. 

Further rotation of the crank by the outside source of power causes the 
piston to move to the top of the cylinder (Fig. 476) thus compressing 
the charge, which is entrapped therein, into the small clearance volume 
at the top of the cylinder. This is called the compression stroke. When 
the piston is in this position, the compressed charge is ignited (Fig. 476) 
by an electric “spark” or are which is made to jump between the elec- 
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Fie. 475.—Four-stroke-cycle gas engine. 
(Beginning of compression stroke.) 


Fic. 474.—Four-stroke-cycle gas engine. 
(Beginning of admission stroke.) 


trodes, or ‘‘points’’ of the spark plug. The combustion of the fuel fol- 
lows the ignition. This combustion is so rapid that it may be termed 
an explosion. The heat of combustion raises the temperature, and con- 
sequently the pressure, of the gaseous products of combustion. The 
force which is thus exerted on the piston head by the high-pressure gases 
causes it to move downward (Fig. 476). This is called the work stroke. 
The downward movement of the piston during the work stroke imparts 
a rotating motion to the crankshaft. 

Thus, the chemical energy of the fuel is transformed into heat energy 
within the engine cylinder, and the heat energy is transformed into work 
of rotating the shaft. At the completion of the work stroke, the cam on 
gear X opens the exhaust valve, H, so that further rotation of the shaft 
moves the piston upward and expels the gases from the cylinder through 
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E and the exhaust manifold (Fig. 477). This is called the exhaust stroke. 
At the completion of the exhaust stroke, valve E closes, 

Further rotation of the shaft moves the piston downward on the suction 
stroke of the next cycle. A four-stroke cycle may be said to begin with 
the suction stroke and to end with the exhaust stroke. The work which 
is required to perform the exhaust stroke of one cycle and the suction 
and compression strokes of the succeeding cycle is, in a single-cylinder 
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four-stroke-cycle engine, done by the energy which was stored in the 
flywheel as kinetic energy during the previous work stroke. Thus, in 
starting the engine, the outside source of power which is used to rotate 
the crank shaft may be removed after the first explosion occurs. 


541. Internal-combustion Engines May Be Designed To 
Operate On Either The Four-stroke Or Two-stroke Cycle.— 


Indicator diagrams from low-pressure gas engines operating 
on the two- and the four-stroke-cycle are shown in Figs. 478 
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and 479, From a comparison of these two indicator diagrams, 
it might be thought that an engine which operates on the two- 
stroke cycle would be preferable to one operating on the four- 
stroke cycle, because for the same number of revolutions the 
two-stroke cycle engine would give twice as many explosions 
as would the four-stroke cycle engine, and hence would appear 
to develop twice the power. However, for the same size 
cylinder and the same number of revolutions per minute, a 
two-stroke-cycle engine only develops from 1.3 to 1.7 times 
the power of a four-stroke cycle engine. This is partially due 
to imperfect scavenging of the burned gases in the two-stroke- 
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Fria. 478.—Cylinder indicator diagram Fia. 479.—Indicator diagram of a 
of a two-stroke-cycle gas engine. four-stroke-cycle gas engine. 


cycle engine and to a slight loss of fuel which escapes with 
the burned gases during scavenging. The simplicity and low 
maintenance cost of two-stroke-cycle engines very often, 
especially for small-capacity installations, make these engines 
more desirable than four-stroke-cycle engines. Two-stroke- 
cycle engines are also used because their weight per horsepower 
is considerably less than the weights of four-stroke-cycle engines 
of equal power. For this reason they are widely used as 
marine engines. 


Notr.—Two-stroke-cyctp Eneinrs Arr Empioyep where small 
weight, small space and low first cost are more important factors than 
maximum operating efficiency. They are frequently, though not always, 
used in motor boats, farm service, and in the oil fields. 

Norr.—Four-STRoKE-cycLE Enciness Arm Empioyep where maxi- 
mum efficiency is of the greater importance than weight, space occupied, 
and first cost. Thus, they are generally, though not always, used for 
automobiles, aeroplanes, tractors, and electric-central station prime 
movers. 
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543. Internal-combustion Engines May Be Classified 
According To The Compression Pressure (Table 542) as follows: 
(1) Low pressure. (2) Medium pressure. (3) High pressure. 
Those low-pressure engines (Table 542) which use gas and light 
liquid fuels such as gasoline, kerosene, and alcohol, are very 
similar in operation to the medium-pressure engines using the 
same fuels. The principal difference isin the compression 
pressures. In the low, medium, and high-pressure engines 
which use fuel oil, there is a difference in the pressures, the 
method of ignition, and in the cycle on which the engine 
operates, ordinarily the Otto cycle or the Diesel cycle (Sec. 
422 and 424). Engines of each of these types are described 
in the following sections. 


Nore.—Tue Compression PressurE Or AN INTERNAL-COMBUSTION 
Encinz is the pressure (Sec. 5) which the fuel charge exerts on the piston 
just before ignition occurs. It is usually measured in pounds per square 
inch. 

Nore.—Ir Is Mercuanicatty Possiste To Buitp INTERNAL-CoM- 
BuSTION EnciInzEs in nearly any combination of the following arrange- 
ments: (1) T'wo-stroke or four-stroke cycle. (2) Single- or multi-cylinder. 
(3) Single- or double-acting. (4) Horizontal, vertical or inclined. (5) 
Simple or compound. 


544, Low-pressure Internal-combustion Engines Which 
Use Gas Or Light Liquid Fuels Usually employ some form of 
mixing valve (Sec. 533) or carburetor (Sec. 534) for mixing 
the fuel and air. The mixture of air and fuel is drawn into 
the engine on the suction stroke and is compressed on the 
compression stroke. At the beginning of the compression 
stroke the volume of the fuel and air is equal to the piston dis- 
placement plus the clearance volume. At the end of the com- 
pression stroke the volume of the fuel and air is equal to the 
clearance volume. Consequently, the pressure and tempera- 
ture of the charge depend, among other things, upon the size 
of the clearance volime as compared with the piston displace- 
ment. If the compression pressure were carried too high, the 
temperature would rise sufficiently to ignite the charge before 
the end of the compression stroke. For this reason, those 
internal-combustion engines which compress the fuel must 
operate at low or medium pressures (Table 542) of from about 
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45 to 190 lb. per sq. in., gage. At the end of the compression 
stroke the fuel charge is ignited, usually, by an electric spark 
(Sec. 536). Gasoline and kerosene engines are particularly 
well adapted for small and medium-capacity portable installa- 
tions. Gas engines are frequently used in those localities 
where the fuel is cheap. 

545. In Low-pressure Oil Engines (Fig. 480) the kerosene 
or fuel oil is sprayed onto the vaporizer (See also Fig. 470) 
or hot plate O by the fuel pump, Ff, immediately after the com- 
pletion of the exhaust stroke. During the compression stroke 


Hof 
Ball, 


fe 

H 

t Wa 
BOR 
4 Ke Zz 
BFS 
4 
d 


|_%O_ nF 
SY 
A p 


‘law &7, 

W NSS IS 

|| Ses Roy 
N 
N 


“JORG? ‘ ae \ 
oe Exgnenist inl y 


SSS 
KSSSSSSSSSSSSS 


N 


Fic. 480.—Meitz and Weiss low-compression, two-stroke-cycle oil engine. 


the oil is vaporized and forced into the hot ball G and finally 
ignited. The maximum compression pressure is about 
50 lb. per sq. in. gage. The operation of the engine shown in 
Fig. 480 is similar to that described in Sec. 544. Low-pres- 
sure oil engines are well adapted for low-capacity installations 
where it is desired to use a cheap‘fuel. They are simple in 
construction, very reliable and require but little attention. 
Consequently the first cost and operating costs are low. 

546. The Semi-Diesel Oil Engine Is A Medium-pressure 
Engine (Fig. 481). In the semi-Diesel engine a maximum 
compression pressure of about 250 lb. ‘per sq. in. gage occurs 
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near the end of the compression stroke, at which time the fuel 
oil is injected into the cylinder by compressed air. Ignition 
is usually effected by a hot ball (Sec. 536) just as in the low- 
pressure oil engine (Sec. 545). In some semi-Diesel engines 
ignition is. effected by the compression pressure in conjunction 
with a hot cup. The efficiency of the semi-Diesel engine is 
slightly lower than that of the true Diesel engine and generally 
higher than that of the low-compression oil engine. However, 
the relatively simple construction, low first cost, and low 
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Fig. 481.—Horizontal section of a De La Vergne four-stroke-cycle, horizontal, sem- 
Diesel engine. 


operating charges of the semi-Diesel engine often justify its 
use in those installations of small and medium capacity where 
the services of a highly skilled operator (which is usually 
required for Diesel engines) would be uneconomical. 

547. The High-pressure Internal-combustion Engine Is 
Typified By The Diesel Engine (Figs. 482 and 483). In the 
four-stroke-cycle Diesel engine (Fig. 483), the charge of fresh 
air, which is drawn into the engine through the air inlet 
value, I, during the suction stroke, is compressed to about 
500 lb. per sq. in. gage at the end of the compression stroke. 
The temperature of the fresh-air charge at the end of the 
compression stroke is about 1,000° F. At about the end of the 
compression stroke, the fuel and air injection values are opened 
and the compressed injection air, which is at a pressure of 
from 700 to 900 lb. per sq. in., atomizes and forces a charge of 
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fuel oil into the cylinder. Upon contact of the atomized fuel 
oil with the high-temperature fresh air, ignition occurs, and 
the combustion continues until the fuel supply is cut off. 
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Fie. 482.—Longitudinal section through an Allis-Chalmers Diesel engine. 


Governing is usually effected by regulating the amount of 
fuel injected. Diesel engines are the most efficient heat 
engines (Table 551) which have so far been developed. They 
are very heavy and require a heavy foundation. They are 
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Fia. 483.—Schematic arrangement of an Allis-Chalmers Diesel engine. 


relatively complicated and require the attendance of a highly 

skilled operator. They are particularly well adapted for 

medium- and high-capacity installations in those locations 
34 
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which justify the use of a liquid fuel. Diesel engines are being 
extensively used in the marine service where the available 
engine space and fuel-storage space is a minimum. Modern 
Diesel-engine governing provides speed regulation which is 
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Fig. 484.—Typical full-load indicator Fia. 485.—Typical indicator card of a 
card of a low-pressure four-stroke-cycle oil- Diesel four-cycle engine. 
engine. 


sufficiently close that they may be used to drive alternators 
which are connected in parallel. 

548. Practically All Internal-combustion Engines Operate 
Either On The Otto Or On The Diesel Cycle (Div. 12) or 
upon a modified combination of these two gas cycles. Indica- 
tor diagrams for engines of the various types are shown 
in Figs. 478, 479, 484, 485 and 
486. In those engines wherein 
the air and fuel are mixed be- 
fore admission to the cylinder 
(Figs. 478 and 479) and in the 

pe als low-pressure oil engine (Fig. 

Fic. 486.—Indicator card of afoure 484 and Sec. 545), combustion 

stroke-cycle semi-Diesel engine. " 

occurs almost instantaneously 

after ignition. Consequently, the piston movement during 
the combustion period is practically negligible. That is, the 
heat is added at aconstant volume. This is one of the charac- 
teristics of the Otto gas cycle (Sec. 422). In the Diesel 
engine (Sec. 547) combustion occurs as long as the fuel is being 
sprayed into the cylinder. Thus, in the Diesel engine, the 
rate of fuel admission is so timed with respect to the piston 
travel that heat is added (Fig. 485) at practically constant 
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pressure. Usually, in the semi-Diesel engine, a part of the 
heat is added (Fig. 486) at constant volume and a part is 
added at constant pressure. 

549. Tests Of Internal Combustion Engines are made in a 

manner which is very similar to that of steam engines (see 
the author’s STEAM-ENGINE PRINCIPLES AND Practice). 
The brake horsepower may be determined by means of a brake 
or electrically. The indicated horsepower may be determined 
by the following formula: 
(851) P= nea (horsepower) 
Wherein: P =the indicated horsepower. ZL = length, in 
feet, of piston travel or stroke. A = the net area, in square 
inches, of the piston. NM = number of work strokes per 
minute. P =the mean effective pressure, in pounds per 
square inch, as determined from the indicator card (Sec. 503). 
In determining the mean effective pressure from the indicator 
card of a four stroke cycle gas engine, the area bounded by 
the exhaust and suction stroke lines (Fig. 484) represents 
negative work and must be subtracted from the area bounded 
by the compression and expansion stroke lines. Compare 
For. (351) with similar For. (3438) for a steam engine. 

550. The Theoretical Thermal-efficiency Of Internal Com- 
bustion Engines is much greater than that of steam engines. 
Also, as shown in Table 551, the overall thermal efficiency of 
internal combustion engines is greater than that of steam 
engines. The difference in the actual thermal efficiencies of 
engines of these two different types results from the different 
pseudo cycles (Sec. 402) upon which they operate, and in the 
difference in temperatures which are attained at those points 
on the cycles which determine the thermal efficiencies. The 
high actual thermal efficiency of an internal-combustion engine 
is due, largely, to the high pressure which is attained at the 
end of the compression stroke. See also the note below. 


Notse.—Tue Maximum Possiste THerMat Erriciency Or Any Heat 
ENGINE operating between two given temperature limits, would result 
if the engine operated on the Carnot cycle (Sec. 412). The thermal 
efficiency of an engine operating on the theoretical Carnot cycle is given 
by the expression (T; — Tz) + Ti, wherein T; and T; are, respectively, 
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Fic, 489.—Plan view of tive-passenger four-cylinder automobile chassis showing how 
the heat units liberated by the combustion of the fuel in the engine cylinders are utilized, 
and what proportion is actually employed in driving the car when it is run at a rate of 


40 mi. per hr. on high gear, 
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the maximum and minimum absolute temperatures which are attained 
during the cycle. In a steam engine operating at a steam pressure of 
250 lb. per sq. in., gage, the maximum temperature is about 400° F. 
In internal-combustion engines, the maximum temperature varies from 
2,200 to 3,000° F. The minimum temperature for an engine of 
either type operating on the Carnot cycle would be the atmospheric 
temperature, which may be taken as 70° F. 

Assume a value of 2,500° F. as the maximum temperature which is 
attained in an internal-combustion engine. Then, by reducing the values 
above to absolute temperatures and substituting in the above expression 
(T, — Tz) + Ti, the thermal efficiency of the internal-combustion engine 
would be: [(2,500 + 460) — (70 + 460)] + (2,500 + 460) = 0.82, or 
about 82 per cent. and that of the steam engine would be: [(400 + 460) — 
(70 + 460)] + (400 + 460) = 330 + 860 = 0.383, or about 38 per cent. 
However, because of theoretical and practical considerations, such high 
thermal efficiencies are never realized. The heat balance diagrams of 
Figs. 487, 488 and 489 show the percentage of the heat energy of the fuel 
which is transformed into work by internal-combustion engines of various 
types, and also the percentages of the heat which is lost through various 
channels. 


551. Table Of Heat Consumption and Thermal Efficiencies 
Of Different Types Of Prime Movers At Continuous Full Load. 
(Gov. Bull. 156, ‘‘The Diesel Engine, Its Fuel And Its Uses.’’) 


Heat con- 
: Overall 
Type of prime mover % a fs Ph thermal 
Ce es Maes efficiencies 
B.t.u. 
Non-condensing steam engine........... 40,000-28,000 | 6.3- 9.1 
Condensing engine using superheated 
ALEANY ES eled Relea ser itis occa. 28 , 000-16 , 500 9.1-15.4 
Locomobile engine with superheated 
steam and reheater, condensing....... 17,000-15,200 | 14.9-16.7 
Steam turbine, superheated steam, 200 to 
DOOOMD Dixete ec omince nierenRece orsrals clic sen San 24 ,000-15,500 | 10.6-16.2 
Steam turbine, superheated steam, 2,000 
ton OL000 sip aeet aaa eer teions aoe sie 15, 500-14 ,000 | 16.2-18.1 
Producer-gas engine, suction producer....| 14,000-11,200 | 18.1-22.7 
Gas engine without producer............ 10,400— 9,300 | 24.4-27.5 
ID TESElREN SING mse cree attic eee ero ee (ose a 8,000- 7,200 | 32.0-35.3 
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Nore.—Tue TuermMar Brake Erricrency Or An INTERNAL CoMBUS- 
TION EnaineE (Table 551), expressed as a decimal, may be obtained by 
the following formula: 


d 
(3h2) = Thermal brake ef he 2,545 X (Brake horsepower developed) 


No. of unit meas- Heat value, in 
(wes of fuel con) (Bi. of a wit) 
sumed per hr. measure of fuel. 
For liquid and solid fuels, the unit measure is usually the pound. For 
gaseous fuels, the unit of measure is usually the cubic foot at a tempera- 

ture of 62° F. and at a pressure of 30 in. of mercury. 

Exampie.—lIn a test of a certain Diesel engine, 492 b hp. was devel- 
oped. The rate of fuel consumption during the act was 221 lb. per hr. 
The heating value of this fuel oil was 19,100 B.t.u. per lb. What was the 
thermal brake efficiency? SoLurion.—Substituting in For. (352), the 


thermal brake efficiency = (2,545 X 492) + (221 X 19,100) = 0.296, or 
29.6 per cent. 


552. Internal-combustion-engine Cylinders Must Be Pro- 
vided With Some Means To Augment Cooling.—If some 
method of cooling were not provided, the high temperatures 
which exist within the engine 
cylinders (Sec. 550) would 
render the engine inoperative in 
a very short time. Internal- 
combustion engines are usually 
either water-cooled (Fig. 490) or 
air cooled (Fig. 491). In a 
water-cooled engine, the water 
is circulated through cooling 
chambers (Figs. 480, 481 and 

Fie. 490 —Gas engine provided with 482) which surround the cylin- 
small pump and cooling tower for der. Tn some of the large- 
circulating and cooling the cooling- 
water, The water 1s cooled by evapo- capacity engines, the cylinder 
pablus Rata ne EO a SS valves, and the piston 

are also artificially cooled. The 
water, after being heated in the cooling-water chambers, is 
usually cooled by some external means such as a tank, 
hopper, cooling tower, or a radiator. In some instances, the 
heat which is transmitted to the cooling water is utilized for 
warming buildings or for doing mechanical work. The 
cooling-water circulation in large-capacity engines is usually 
provided by a small centrifugal pump, (Fig. 490) whereas, 
in small-capacity engines the cooling water is circulated by 


Direction Of 
Cooling Water. 
Flow 
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convection (Sec. 137). In air-cooled engines (Fig. 491), the 
cylinder is provided with fins, over which the cooling. air is 
circulated by a fan. 
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Fra. 491.—Air-cooled gasoline engine. (New Way Motor Co., Lansing, Mich.) 


553. The Cost Of Internal-combustion Engines given below 
is based on the average of values as given by FERNALD AND 
Orrox, “Engineering Of Power Plants,” for stationary 
engines of 20-hp. capacity and above. The following costs 
are given in dollars per horsepower, f.o.b. factory: gas engines 
using city or natural gas, $37; producer-gas engines, $41; 
kerosene engines, $50; four-stroke-cycle Diesel engines, $56; 
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two-stroke-cycle Diesel engines $35 to $40. Foundations 
cost from $2.50 to $4 per horsepower. Erecting labor will 
cost from $2 to $3 per horsepower. 

554. The Nameplate Horsepower Rating Of Internal- 
combustion Engines is, unless otherwise specified, usually as 
follows: (1) For an Otto-cycle stationary engine, nearly the maxi- 
mum brake horsepower which the engine will develop at the 
shaft. Ordinarily, such engines are so rated that a load of 
from 5 to 15 per cent. above the rated horsepower at the rated 
speed will cause them to stall. Consequently, they have 
practically no overload capacity. (2) For a variable-speed 
Otto-cycle engine—automotive or marine—the maximum brake 
horsepower which the engine will develop at the shaft. (8) 
For a Diesel-cycle engine—Diesel or semi-Diesel—the brake 
horsepower at which the engine operates at its maximum 
efficiency. By increasing the period of fuel injection in a Diesel 
engine it can be made to develop more power than that for 
which it is rated, although such operation will be at a decreased 
efficiency. Some internal conbustion engines may, by their 
manufacturers, be given a horsepower rating which is higher or 
lower than the brake horsepower which the machine will 
actually deliver at its shaft. Consequently, the purchaser 
should insist on a guarantee from the manufacturer. In gen- 
eral then, internal combustion engines have little or no overload 
capacity above the outputs for which they are rated whereas 
steam engines (Sec. 508) usually have considerable overload 
capacity above their ratings. 

Nore.—Tuer Brake Horsepower Wuicu AN INTsRNAL ComBusTION 


Enerne Witt Detiver Ar Tue Suarr may be very closely approxi- 
mated by the following formula: 


2, 
(353) Pz = (¢ ce os ka Je (b. hp.) 


Wherein: Pg = the brake horsepower which the engine delivers at 
the engine shaft. d = diameter, in inches, of the cylinder. L = piston 
stroke, in inches. N = revolutions per minute. ks; = number of work- 
ing cylinder ends. Thus, in a 2-cylinder double-acting engine, k3 = 
2X2=4. k, and k, are constants which vary with the type of engine 
and the fuel used. Following are values of k; and ky for use in the 
above formula for engines of different types using various fuels. (1) For 
an engine using producer gas, k, = 18,500; k2 = 2. (2) For engines 
using natural gas, ky = 15,200; k,2 = 0.5. (3) For single-acting, vertical 
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or horizontal engines using illuminating gas, k; = 15,700; kz = 2. (4) For 
double-acting horizontal engines using blast-furnace gas, k, = 21,000; 
ky = 0.5. (5) For single-acting horizontal or vertical engines using gasoline; 
k, = 16,400; k, = 0.5. (6) For single-acting horizontal or vertical engines 
using oil or distillate; ky = 21,875, kz = 0.75. For. (353) and values of 
k, and kz which are given above are from Unsricur anD ToRRANCE, 
“American Practice In The Rating Of Internal Combustion Engines.” 
The above For. (353) is for stationary, four-stroke-cycle engines which 
operate on the Otto cycle. Therefore, it should not be applied to Diesel 
and semi-Diesel engines, nor to two-stroke-cycle engines. 


QUESTIONS ON DIVISION 16 


1. Explain the successive steps of converting the chemical energy of a fuel into 
mechanical work in an internal-combustion-engine power plant. In a steam power 
plant. 

2. What is an internal-combustion engine? 

3. Name the different kinds of fuels which may be utilized in an internal-combustion 
engine. 

4. Explain how the air for combustion is generally mixed with a gaseous fuel. 

5. Describe the operation of a producer-gas power plant. 

6. How is air generally mixed with a light-liquid fuel. With a heavy-liquid fuel? 

7. Name and explain three different methods which are employed for igniting the 
fuel in internal-combustion engines. 

8. Explain three methods of internal-combustion-engine governing. 

9. Explain with diagrams, the cycle of operations for a two-stroke-cycle engine. For 
a four-stroke-cycle engine. What are some of the advantages and disadvantages of 
each? 

10. What is meant by ‘“‘compression pressure?” 

11. Explain the operation of a low-pressure internal-combustion engine using a light- 
liquid or a gaseous fuel. Of a low-pressure oil engine. 

12, Explain the operation of a semi-Diesel engine. Of a Diesel engine, 

13. Upon what two modified cycles do nearly all modern internal-combustion engines 
operate? 

14. How may an internal-combustion engine be tested? 

15. What are some of the causes for the difference between the thermal efficiency of 
a steam engine and that of an internal-combustion engine? 

16. How may the thermal brake efficiency of an internal-combustion engine be 
obtained? 

17. Why must the cylinders of an internal-combustion engine be cooled? Explain 
the different methods of cooling which are employed. 

18. Upon what basis are internal-combustion engines of different types rated? 


PROBLEMS ON DIVISION 16 


1. A number of indicator cards were taken during the test of a four-stroke-cycle 
Diesel engine from each of the 4 cylinders. The average of the mean effective pressures 
as determined from the indicator cards was 106 lb persq.in. The length of the stroke 
was 2 ft. and the diameter of the piston was 16in. During the test the engine was run- 
ning at 200 r.p.m. What was the total indicated horsepower of the engine during this 
test? 

2. During a brake test of a producer-gar engine, it developed 140 b.hp. During the 
test, the rate of fuel consumption was 15,400 cu. ft. per hr. The heating value of the 
fuel was 128 B.t.u. per cu. ft. What was the thermal brake efficiency during the test? 

8. What is the approximate brake horsepower which will be developed by a single- 
acting, single-cylinder gasoline engine which has a 7}4-in. diameter cylinder and a 12-in. 
stroke when operating at 300 r.p.m.? 


DIVISION 17 
BUILDING WARMING 


555. Artificial Warming Of Building Interiors Is Necessary 
in certain climates. In the torrid zones closed buildings are 
not, from the standpoint of bodily warmth, necessary. But in 
the temperate and arctic zones, buildings of some sort or other 
are essential to protect the inhabitants from the low tempera- 
tures. Provision must be made for warming the interiors of 
buildings. 

556. Climatic Conditions Determine Largely The Refine- 
ment And Size Of The Heating System which is required for 
any given building. If the winter season is short and mild, 
a simple inexpensive plant which emits but a relatively small 
amount of heat will suffice for a certain building. But, where 
winters are severe, and where strong winds prevail during the 
cold season, not only must the building be more carefully con- 
structed so that the heat loss from it will be a reasonable 
minimum, but also the interior-heating plant must be more 
elaborate. 


Note.—Location AND CuHaracter Or Occupancy Must Br Con- 
SIDERED In Puannine A Heatine System.—lIf a building is on a high 
hill without protection from the wind, more heat must be expended 
to maintain its interior at a comfortable temperature than if it is pro- 
tected from the wind. Other buildings in the immediate neighborhood 
and many adjacent trees may constitute such protection. Because of 
the prevailing winds in winter, more heat is required (in the Northern 
Hemisphere) for rooms on the north side of a building than for those on 
the south side. A building used for office purposes, wherein the occu- 
pants expend but little physical effort, must, for comfort, be kept at a 
higher temperature than must a structure which is used for manufactur- 
ing and in which the occupants continually exert themselves physically. 
The customary temperatures for buildings of different kinds are given in 
Table 557. 
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557. Table Showing Inside Temperatures Which Are 
Usually Assumed In Building-warming Calculations.—From 
HEATING AND VENTILATION by Allen and Walker. 


Tempera- 

Space ture, deg. 
Fahr. 
RESIGN CESS = ryan Nee ei card ssi etiou ciigtenOMayeRe loo etl 70 
Lecture rooms and auditoriums................ 65 
Factories for light work..........6.520-4...00- 65 
Hactories fomheavy, wOrke der cecil © ool ape ele 60 

a OfficestandeechOolS testa: cece oe cate ne ies 68 to 70 
= RO RS Sone eatin NER perenne eR RENO iG or ataG 75.0.0 tae 65 
Fl MePTISONnS es Sat eceiavelc et ehtkbi bios cy ae 65 
a BAU MTOONIS Peete orci ter sss eae ve) rere exec fede 72 

Ehren nN-bes od sonGhGo0bSo OUaaoOog Soo Oana oe 55 to 60 
IS CHAO Oy Wad nih cae Soe ane ote oats pid idiot 78 
Steamubathewe weir circ ocote crac tcrs sis 110 
WiarmMaairiDaths nn mstrr: et tere sis severe nua tee 120 
Cellars and closed rooms.+....<.........+...-- 32 
fa) Vestibules frequently opened to the outside...... 32 

a Attics under a roof with sheathing paper and meta! 
4 OL slatercOVering soc teed- ele mie a 25 
= Attics under a roof with sheathing paper and tile 

~ CON ubies, ocwd en Boe ob Ret bo quod Eco ot Eton o2 
Attics under a roof with composition covering..... 40 


558. The Burning Of Fuels Constitutes The Most Important 
Source Of Building Warming.—Any of the available fuels 
(see Div. 18) may be employed for warming buildings. 
Which fuel is the most suitable for a given condition is usually 
determined by the locality and is largely a question of econo- 
mics. A portion of the fuel which is used for heating, when 
it is burned, combines with oxygen as explained in Div. 14 


and thereby liberates heat. 


The fuel may either be: (1) 


Burned within the building (Fig. 492) which is to be warmed. 


540 PRACTICAL HEAT (Drv. 17 


(2) Burned in a structure exterior (Fig. 493) to the warmed 
butlding. 


Nore.—WaeEN Fur. Is Burnep Witnin Tue Bouriprna, either a 
stove, fireplace, hot-air furnace, or steam or hot-water boiler (see follow- 
ing illustrations) may be employed. When the fuel is burned outside 
of the building, either hot-water, steam, or electric transmission of the 
heat to the building, is usually adopted 


Hot Water Radliator 


Fia, 492.—Building warmed by burning fuel within the building. (This shows a simple 
hot-water heating installation in a railroad station.) 


steam Radiator 
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Fra. 493.—Building warmed by burning fuel in a building exterior to it. (Steam 
heating system.) 


559. When Water Power Is Used For Building Heating 
(Fig. 494), waterwheels or turbines, which drive electric 
generators, convert the mechanical energy of the falling 
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water into electrical energy. Then, the electrical energy 
is transmitted over wires to the building, and therein it is 
converted into heat energy; see Sec. 30. 


Nore.—Tuere ARE Oruer Sources Or Heat For Warmina Buiip- 
mncs.—Thus in a building where machinery is in operation, the friction 
loss in the bearings (Sec. 576) and other electrical and mechanical 
losses are converted into heat energy. This heat, by radiation, conduc- 
tion, and convection, raises the temperature of the room interior. Artifi- 
cial-lighting devices burning in a room heat it: see Sec. 615 on electric 


--Jurbo-A/ternator 


Generator (eL® 


Heaters 


Fie. 494.—Building warmed by water power transmitted electrically. 


heating. Human beings in a room at a temperature of 70° F. give off 
heat at the following rates: Adults at rest, 440 B.t.u. per hr. Adults at 
work, 450 to 600 B.t.u. per hr. Adults at violent exercise, 600 to 
1,200 B.t.u. per hr. Children, 240 B.t.u. per hr. Infants, 65 B.t.u. per 
hr. A general figure of 400 B.t.u. per hr. per occupant is, however, 
frequently used in heating calculations. 


560. The Heat For Warming A Room May Be Transferred 
Thereto, From The Device In Which The Heat Is Developed, 
By Radiation, Conduction, And Convection, all of which are 
discussed in Div. 5, Transrer Or Huat. Usually some of 
the heat is transferred by each of these three methods. 

561. The Quantity Of Heat Which Must Be Supplied 
To A Room during a certain time interval to maintain tt at a 
constant temperature is equivalent to the amount of heat which 
escapes or is lost from the room during that time interval. The 
heat loss from the room may occur through either radiation, 
conduction, or convection. 
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Exampie.—lIf the interior of a certain room (Fig. 495) is at a tem- 
perature of 70° F. and the heat loss from that room to the outside is 
16,000 B.t.u. per hr., then, if heat is supplied to the interior of the 
room at the rate of 16,000 B.t.u. per hr., the room will thereby be main- 
tained at a constant temperature of 70° F. 


562. The Procedure In Designing A Heating Installation 
For Any Given Room Or Building is then, so it logically 
follows from the state- 
ment of Sec. 561, to: 
" (1) Determine, in the 
manner to be indicated, 
the heat loss per hour 
from the space to be 
warmed. (2) Select and 
proportion the heat-sup- 
plying equipment so that 
wt will supply the same 
Lt; amount of heat per hour 
ZY as that (determined above) 
whieh ts lost. The 


Fig. 495.—By supplying heat to a room at the Method will be _ illus- 
same rate as that at which the heat is lost, the tem- trated in examp 1 es 
perature within the room is maintained constant. ‘ 

which follow. 


563. Heat Is Lost From A Building in one or more of three 
different ways: (1) By conduction through walls, cerlings, 
floors, and windows. (2) By leakage or infiltration of air 
through cracks around doors and windows, through the walls, 
partitions, floors, and through the doors and window areas when 
these may be opened. (3) By ventilation. Each of these modes 
of heat loss is discussed in following sections. 

564. The Factors Which Determine The Quantity Of Heat 
Which Is Lost From A Building By Direct Conduction through 
walls, ceiling, floor, and windows, disregarding the effect of 
the exposure factor (Sec. 570) are: (1) The temperature differ- 
ence (Sec. 565) between the inside and outside of the room. (2) 
The materials, and method of construction of the room; see Sec. 
566. Each will be discussed. 

565. The Difference Between The Inside And Qutside 
Temperatures Is Equivalent To The Thermal Pressure (sce 
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Sec. 116) whereby the heat is caused to flow from the inside 
to the outside of the room. The solution of all building-heat- 
ing problems must start with the assumption of definite values 
(see note below) for inside and outside air temperatures. In 
reality, the heat loss from any room of a building can be 
determined by applying the principles of heat transfer which 
are explained in Div. 5. And actually it is these principles 
which are applied.‘ But in practice, it has (as will be shown) 
been found much more convenient and quite as accurate to 
utilize certain empirical constants rather than to endeavor to 
follow rigidly the precise theoretical processes which are 
explained in Div. 5. 

Nore.—Tse TEMPERATURE DIFFERENCES ORDINARILY ASSUMED IN 
BuILpING-HEATING ComPuTATions have been fairly well standardized for 
different sections of the country. It is generally assumed that the inside 
air should be maintained at the values given in Table 557. In the south- 
ern zone of the United States, it is usually assumed, in designing, that 
the minimum outside temperature will be +10° F.; in the central zone, 
0° F.: and in the northern zone and Canada, —10° F. If local conditions 
are such that the above-specified temperature differences will not satisfy, 
then. others which do satisfy may be assumed. 

Nore —Waen A Partition (Fitoor, WALL, Or CriLina) SEPARATES 
Two Spaces, Bora Or Wuicu Are To Br Huarep to the same tem- 
perature, no heat loss occurs through such a partition. Thus if two 
adjacent rooms, are artificially warmed, there is no heat loss through the 
partition wall. Since the temperature on both sides of the partition is 
the same, there is no thermal pressure (Sec. 116) through it. Hence, no 
heat transfer can occur 


566. Different Materials Which Are Used In Building 
Construction Have Different Values Of Thermal Conductivity 


wursicle Boarding:.--”" Sicling.- 
Tout sod @ Wo) | 


Fiq. 496.— Mineral-wool wall and partition insulation. 


(see Div. 5, TRANSFER Or Hat). Hence, the different mate- 
rials will conduct the heat from the inside of a warm room to 
the outside cold air at different rates. Also as was explained 
in Div. 5, the thermal conductance of a given material varies 
inversely as the thickness of the material; the thicker the 
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material the less its thermal conductance. Table 567 gives 
experimentally determined values of such conductances. 
These values are, as hereinafter explained, employed in For. 
(356) for determining the heat loss from a room or building. 


Notr.—Heat-InsuLtating Materrats Are Sometimes INTERPOSED 
In Watts Anp Fioors (Fig. 496) to minimize the heat loss. Or for 
the same reason, a wall may be constructed of hollow tile or hollow brick 
which provide dead air spaces. 


567. Table Of Heat-transfer Coefficients Of Building 
Materials in British thermal units transmitted by conduction 
per square foot per hour per degree Fahrenheit temperature 
difference between inside and outside of building. (Hoffman, 
Heating AND VENTILATION.) 


Materials and construction K (For. 356) 

Sanwibricks wall ccc wacpocte cutie wen sia ce Roane Vee oe ee ee 0.4 
12-1 DYLOKG WALL sei, or sterrsrrratne ee ener ta TE eee ee ee 0.31 
LGain Prick, Wallies ceteletehs overcentre ee ee 0.26 
20sin orielkkpw alll Lae papecatctat ets Bee ea ee ea 0.23 
240iny bck wali. cee Peete royal arate eT e vaccine ee Ono 
28-in, brigkswalll., 2% 9.8 tusttad oem terar cols See eae ee ee 0.19 
32-in.. brick wall. 7 sear were oh orthotics eters ieee OE ee 0.17 
Brick wall, furred, use 0.7 times above values................eeceeeee 


Windows, singloiglaas sch se ae corte mae cee Trin PEE 1.0 
Windows;-doublé-glassyano uate ceec ie ea ee ee 0.6 
Skylight) singleiglasss. Scher aioe ee ee ee nee, bake bie | 
Skylight; doubletel aster oetercta.c ceectok eer, Pee oe OL. 
Wooden door) aciny thick .,c4..c6 oes cern anne hin nen re 0.4 
Wooden door) 2iinwthick sau a eect renee he eee ee 0.36 
Solidsplaster partitions 2;in. thick. pen sea eens en 0.6 
Solid plasterspartition.S.1nathickow.erer oe cei a eee 0.5 
Ordinary stud partition, lath and plaster on one side.................. 0.6 
Ordinary stud partition, lath and plaster on both sides................ 0.34 
Concreteflooronybrickyanchyecae aac eae eee ener nan en 0.2 
Fireproof construction: Asi coring see eer ee eee eee 0.1 
Hireproof constructionyas Ceiling cree ele reine 0.14 
Single) woodifloorion brickyarch. entire ae erie ee 0.15 
Double) wood floor, plaster! beneaths= . se aidenn etc ee 0.10 


Wooden beams planked over, as flooring 
Wooden beams planked over as ceiling 


0 j0.81810, 01 0)'8),4/'4 fs) wid u)/e\ D6 KK s* $116) Bis) a) alpae VEL wiki one cahete 


nN 
ao 
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568. The Factors Which Determine The Loss Of Heat 
From A Room Due To Infiltration Or Leakage Of Outside 
Cold Air are: (1) Exposed wall area. (2) Area of openings of 
cracks through the wall, around doors and windows and the like. 
(3) Frequency with which the doors and windows are opened and 
closed and the length of time they remain open, as for example 
when occupants pass in and out. It is infeasible to recognize 
individually and accurately all of these variable factors in the 
engineering computation of heat loss. Experience has, how- 
ever, shown that certain coefficients (Table 569) may be applied, 
which will, under ordinary conditions correct with sufficient 
accuracy for this infiltration loss. These coefficients (N, 
Table 569) are based upon the ratio of cubical contents to 
exposed wall and door and window space, and upon the charac- 
ter of occupancy, and location of the room. 


Exampie.—Referring to Table 569, it is assumed in building-warming 
computations, that the air in the hall of an ordinary residence undergoes, 
due to infiltration, three complete changes per hour. 


569. Table Showing Number Of Complete Air Changes 
Usually Assumed Per Hour, Due To Infiltration. 


N 
Type of room Number of air- 
- changes per hour 


Residence: 


ASt-SOLysLOOLAN ee elo smite cise trate: ee ey tear 2 
OG BLOLyeLOO TOS yey aerrva centr sno icc treet 1 
Offices and stores: 
TIES hore OOMASs oon gb onG0o obo woe Hioaald cladow ca ra 2.0 to3 

OF IVOES OVA, BROLIN hs 6.6 nao 0.0 Ficus oA ue Om op 6 bees Gt 1.5 to2 
Churches and public assembly rooms................ 0.75 to 2 
Large rooms with small exposure................... 0.5 tol 


570. The Heat Loss From A Room By Conduction And 
Infiltration May Vary According To The Direction Of Expo- 
sure; see Table 571. The heat which is lost by conduction 

35 
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through the walls of a room is given off from the wall to the 
outside air by radiation, conduction, and convection. Now, 
if moving air is sweeping over the outside wall surface, heat 
which has been transmitted through the wall will be ‘wiped 
off’? and carried away more rapidly than if the outside air 
which is in contact with the wall is still. Obviously then, a 
room which is located on the windward side of a building will 
have a greater heat loss than a similar room on the leeward 
side. Furthermore, the exposure direction affects infiltration. 
Thus, when a strong wind impinges on a certain side of a build- 
ing, more air will be forced in through the cracks and crevices 
on that side than there would be if there were no wind. Since 
the prevailing cold winds in the Northern Hemisphere come 
from a northerly direction, it is evident that a room (Table 571) 
which has a northern exposure will experience a greater heat 
loss than a like room with a similar southern exposure. 


Nore.—Tue Mertuop Usrep For Computine Tur Heat Loss Dur To 
Exposure in building-warming computations is to employ certain 
coefficients (kz, Table 571), the values of which have been determined by 
practice. It is infeasible to satisfactorily compute on a purely theoreti- 
cal basis the effect of exposure. 

Nore.—INTERMITTENTLY Hratep Rooms Have Greater Heat 
Loss when heated than do rooms which are heated continually. To 
insure that such rooms may be heated in a reasonable time, a percentage 
is added to the computed heat losses. Intermittently heated rooms are 
given proper consideration by using the factors of Table 572. 


571. Table Of Coefficients Of Exposure. 


Direction of exposure Coefficient kz 
North, north-east, and north-west.................. Leal Stosle2 
Bast .omwedtin: naetatiin ean eel ee ie ee ee 105t0,L01 
Bounty gee Ses ata hc NOR ese cae eet eee en a eal LO) 


ExampPLe.—From Table 571, the exposure coefficient, kp, for east or 
west rooms is 1.05 to 1.1. This means that the heat loss, by conduction 
and infiltration, for an east- or west-exposed room, will be from 5 to 
10 per cent. greater than or 1.05 to 1.1 times that for the same room if 
it had a southern exposure. 
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572. Table Of Coefficients For Intermittently Heated 
Rooms. (From Hoffman’s Hanpspook For Heratine AND 
VENTILATING ENGINEERS.) 


Manner of heating Coefficient ky 
Rooms heated only periodically..................... 1.20 to 1.40 
Heat interrupted daily but rooms kept closed........ 1.10 
Heat interrupted daily but rooms kept open......... 1.25 
PIGAbLOM LOL NON RC DETIOGS sorte en caine ccracktmms ouster: ais 1.50 


573. The Basis Of The Determination Of The Amount Of 
Heat Lost From A Room Because Of Its Ventilation is this: 
For each cubic foot of outside air which enters a room from 
any source whatsoever, 1 cu. ft. of the air that was in the 
room is forced outside, either by convection, or in some other 
way. If it were not thus forced out, the air would “pile up” 
in the room, which is impossible. When the temperature of 
the air within the room is higher than that of the outside 
air, then the air which is thus forced outside causes a loss of 
heat from the room. Hence, if the temperature within the 
room is to be maintained constant, the incoming air must be 
warmed to inside room temperature. The heating equipment 
should be so designed that it will effect this warming. 


Nore.—From TAsueE 251 Or Tue Speciric Hearts, it will be noted that 
it requires 0.241 B.t.u. to raise the temperature of 1 lb. of air 1° F. 
Hence, it is evident, since there are approximately 13.3 cu. ft. in a pound 
of air at room-warming temperatures, and pressures, that it requires: 
0.241 + 13.3 = 0.018, or (approximately) 0.02 B.t.u. to raise the tem- 
perature of 1 cu. ft. of air, at room-warming temperatures, 1° F. In 
room-heating computations, it is therefore usually assumed that the loss 
of heat due to ventilation is 0.02 B.t.u. per cu. ft. per degree Fahrenheit 
difference between inside and outside temperatures. Conversely, 1 B.t.u. 
will raise the temperature of (1 + 0.018 =) 55 cu. ft. of air through 1° F. 

Nore.—Tue Quantity Or Ark RequireD For VENTILATION For 
Resipence Or Oraer Buitpincs WuHerEIN Tuere Are Bur Frew 
PEoPLE is so small that special ventilating apparatus is, usually, unneces- 
sary. There should, however, always be some ventilation in all rooms 
occupied by human beings. But, in the ordinary residence or similar 
room, sufficient fresh air enters automatically by infiltration (Sec. 568). 
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Therefore for buildings of these types such loss of heat as may occur due 
to ventilation is taken care of by the change-of-air factor which is discussed 
in preceding Sec. 568. 

Norse.—Tur VENTILATION ReEquirED For Buritpines In WuicH 
TuerE May Be Many PropurE such as schools, congested offices, 
churches, theaters, and the like, is based on the fact that to insure com- 
fort, health, and mental activity, 1,800 cu. ft. of pure air per hr. is required 
for each person in the room. Hence, computations for rooms in which 
there are many people, may be made by the following formula; in which 
T = temperature difference, in degrees Fahrenheit between inside and 
outside air. 
(854) Heat loss per hr. by ventilation = No. persons X 1,800 X 0.02 X T 

(B.t.u.) 

Exampie.—Assuming that there are accommodations for 50 students 
in a certain school room, and that 1,800 cu. ft. of air per person per hr. 
will be supplied for ventilation, what will be the loss of heat per hour 
due to ventilation in this room? Assume 70° F. temperature difference. 
SoLution.—Substituting in the above For. (354), loss of heat due to 
ventilation = Number of persons X 1,800 X 0.02 X T = 50 X 1,800 X 
0.02 X 70 = 126,000 B.t.u. per hr. 

Notre.—For. (354) may also be written, assuming a 70° F. tempera- 
ture difference: 

(355) Qa = 2,520n (B.t.u. per hr.) 
Wherein: Qu = loss of heat, in British thermal units per hour, due to 
ventilation. m = number of persons. 


574. The General Formula For Computing The Total Heat 
Loss From Any Room follows (see derivation below). For 
most practical computations, Carpenter’s formula (Sec. 575) 
may be preferable. The following formula is included to 
illustrate the general principles involved: 


(856) Qr = (AcKeT + AwKwT + ApKrTp + AcKeTe + 
0.02 NVT)kzk; + Qu 


Wherein: Qr = heat lost, in British thermal units per hour, 
that is, the heat, in British thermal units which must be 
supplied per hour. Kg, Kr, Kw, and Ke = coefficients of 
heat transfer for the glass, floor, walls, and ceiling, respectively 
in British thermal units per square foot per hour per degree 
Fahrenheit temperature difference, as found in Table 567. 
Ag = area of glass, in square feet. Aw = area of outside 
wall (exclusive of glass), in square feet. A, = area of floor, 
in square feet. Ac = area of ceiling, in square feet. N = 
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assumed number of air changes per hour, as given in Table 
569. V = volume of room, in cubic feet. J = temperature 
difference, in degrees Fahrenheit, between inside and outside 
of room (Sec. 565). J, = temperature difference, in degrees 
Fahrenheit, between room and space under the floor. T>¢ = 
temperature difference, in degrees Fahrenheit, between room 
and space over ceiling. kz = exposure coefficient, as found 
in Table 571. k,; = coefficient for intermittently heated rooms 
as given in Table 572. Qu, = heat, in British thermal units 
per hour, as computed by For. (354), which must be supplied 
to warm the air for ventilation. 


Derivation.—By Sec. 563, all of the heat escapes from a room by 
conduction, infiltration, and ventilation. Or, 


(357) Qr = (Qc + Qr) + Qa (B.t.u. per hr.) 


Wherein: Q7 = total heat loss from room, in British thermal units per 
hour. Qc = heat loss, in British thermal units per hour, by conduction 
through glass, walls, floor, and ceiling. Qr = heat loss, in British 
thermal units per hour, due to infiltration of outside air. Qa = heat 
loss, in British thermal units per hour, due to ventilation from For. (354). 

The rate of heat transfer by conduction through any substance of a 
given cross-sectional area and a given thickness is (Sec. 116) directly 
proportional to the temperature difference, or thermal pressure, causing 
the heat flow, and to the conductivity of the substance. Therefore, the 
total heat loss, in British thermal units per hour through a building-parti- 
tion = (Area of the partition in square feet) X (Thermal conductivity of 
the partition material) X (The temperature difference in degrees Fahren- 
heit). But the total heat loss, Qc, from a building by conduction is equal 
to the sum of the several losses which occur through the glass, walls, 
floor, and ceiling. Or, 


(358) Qe = (glass loss) + (wall loss) + (floor loss) + (ceiling loss) or, 
using equivalent symbols instead of words: 


(359) Qc = (AcKeT + AwKwT + ArKrTr + AcKeTc) (B.t.u. per hr.) 


Wherein all symbols are as specified under For. (356). The temperature 
difference between the warmed room and an unheated space adjacent to 
the ceiling or floor, such as a basement or attic, is, in practice, 
assumed to be 32° F.; see also Table 557. 

From Sec. 568 and Table 569, a certain number of complete air changes 
per hour are assumed. Thus, if the assumed number of air changes per 
hour is multiplied by the cubical capacity of the room, the total number 
of cubic feet of air per hour which filters into the room will result. This 
air must be warmed from the temperature of the outside air to that of 
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the inside air. From Sec. 573, it is found that 0.02 B.t.u. will raise the 
temperature of 1 cu. ft. of air 1° F. Therefore, 


(360) Qr = 0.02NVT (B.t.u. per hr.) 


Wherein all symbols have the same meaning as specified under For. (356). 

But by Sec. 570, the heat loss due to conduction and infiltration is in 
some cases, augmented by the exposure or intermittent heating and the 
term (Qc + Qr) must be multiplied by the coefficients, kz, and ky as 
found in Tables 571 and 572. 

Now, if Fors. (359) and (360), with the coefficients, kz, and kr, applied 
to them, are substituted for their equivalents in For, (357), For. (356) 
results. 

Exampie.—The living room (Fig. 497), of a residence, which is located 
in the central zone of the United States, is 24 ft. long, by 16 ft. wide by 

(cme eeocenee es LY eee EAE > 12 ft. high. The outside 
L ae walls are of 12-in. furred 
brick. There are four out- 
side windows, each having 
an area of 18 sq.ft. Itisa 
two-story building wherein 
the basement is not heated. 
The second story is heated. 
Both the floor and ceiling 
are of wooden beams, 
planked over. What quan- 

Fie. 497.—Computation of heat loss from a oy of heat should be Dee 
room. (First-story, residence living room; north-  Vided per hour for warming 
east exposure; 4 windows, 18 sq ft. each, second- the room to 70° F. inside, 


story room heated; basement unheated; ceiling when the outside air is 0° 
and floor are wooden beams, planked over.) : 
F.; see Sec. 565? 


Sotution.—Area of glass, Ag = (4 X 18) = 72 sq. ft. Area of exposed 
wall, exclusive of glass = (24 X 12) + (16 x 12) — 72 = 408 sq. ft. 
Area of ceiling = area of floor = (16 X 24) = 384 sq. ft. Cubical capac- 
ity of room, V = (16 X 12 X 24) = 4,608 cu. ft. Inside-outside temper- 
ature difference, T = 70 — 0 = 70° F. Temperature difference between 
the room to be warmed and the space adjacent to its ceiling is, since the 
second story is to be heated, 0° F.; and that between the room and the 
space adjacent to the floor is (see above) assumed to be 32° F. By 
Table 567, K, for glass = 1; for walls = (0.7 X 0.31) = 0.22; for floor = 
0.17; and for ceiling = 0.35. By Table 569, N =2. By Table 571, 
ke = 1.1. The total heat loss, For. (356), = Qr = (AcKeT + AwKwT 
+ArKrTr + AcKcTc + 0.02 NVT)kukr + Qa = [(72 X 1)70 + (408 
X 0.22)70 + (384 X 0.17)32 + (584 x 0.35)0 + (0.02 x 2 X 4,608)70] 
1.1 X 1.0 + 0 = [5,040 + 6,273 + 2,088 + 0 + 12,900] X 1.1 +0 = 
28,920 B.t.u. per hr. Or 28,920 B.t.w must be supplied per-hour to 
maintain a 70° F. temperature within the room with a 0° F. outside 
temperature. 


12'Ceiling 


w---- 12" Furred-Brick Wall 


K---------1640"->-=------- 
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575. Carpenter’s Formula For Computing The Heat Loss 
From Any Room is stated below. This may be used in 
preference to the more complicated form of For. (356) for most 
building-warming computations. Prof. Carpenter states that 
the results as given by his formula and the corresponding 
results as ‘‘determined by actual experiment on a large scale 
for actual buildings”’ usually vary less than 5 per cent. 


(361) Q, = (4g+ 0.25 A + 0.02 NV)T (B.t.u. per hr.) 


Wherein: A = total exposed wall area including windows: 
also ceiling area and floor area if they are exposed to the 
outside air. All other symbols are as specified under For. 
(356). 

DerrivatTion.—For. (361) is merely a simplification of For. (356). 
For. (361) may be obtained from For. (356) by assuming: (1) K, for 
glass = 1. (2) K, for all walls = 0.25. (3) That no heat loss occurs 
through ceiling and floors, except when exposed to outside air. ‘The exposure 
coefficient may or may not be considered, but a more consistent design 
will result from its use. If there is any heat loss due to ventilation, it 
should be added to the result as obtained from For. (361). 

ExAmMPLe.—What is the heat loss, in British thermal units per hour, 
from the room, example under Sec. 574, Fig. 497, as determined by Car. 
penter’s formula? Soturion.—By For. (361), The heat loss = Qr = 
(Ae + 0.25A + 0.02NV)T = [72 + 0.25 X (16 X 12 + 24 X 12) + 
0.02 X 2 X 4,608] X 70 = 26,320 B.t.u. per hr. See note below. 

Norr.—Ir Ture Exposure Corrricient OF 1.1 Is Appiiep (as obtained 
from Table 571, for a north-east room) to the above solution, then, the 
resulting heat loss = (1.1 X 26,320) = 28,950 B.t.w. per hr. The differ- 
ence between the two results as given by For. (356) and by For. (361) is 
28,950 — 28,920 = 30 B.t.w. per hr. This is a negligible difference. 


576. The Heat Which Is Supplied To A Room By The 
Persons, Lights, Or Machinery Therein, May, Properly, 
Be Deducted From The Total Heat, ‘‘Q,” To Be Supplied 
Artificially as computed above. A room which is occupied 
by 100 adults would (Sec. 559) be supplied with: 100X440 = 
44,000 B.t.u. per hr. by its occupants alone. The rate of 
heat emission, in British thermal units per hour of an electric 
lamp when it is lighted = its wattage X 3.415. Thus a 50-watt 
lamp emits: 503.4 = 170 B.t.u. per hr. Electric motors 
and the machinery which they drive, if both are located in the 
room, convert, in practically every case, all of the electrical 
energy, which is supplied to drive them, into heat. If the 
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product of manufacture remains in the room until it has 
attained room temperature, all of this heat is, generally 
speaking, given up to warm-the room. The rate of heat supply, 
in British thermal units per hour, will in this case = (the motor 
horsepower + motor efficiency) X 2,545. Similarly, when 
mechanical power is supplied to a room for factory processes, 
usually, all of the energy thus transmitted to the room is 
ultimately converted into heat in the room, ordinarily 
by friction (Sec 86), which increases the room temperature. 


Nott.—In Hicu-powrrep Mitts this (Harding and Willard, 
MecaanicaL Equipment Or Buizpinas, Vol. I, p. 72) heat supplied by 
externally-generated power is the chief source of heating and is 
frequently sufficient to overheat the building even in zero weather, thus 
necessitating cooling by ventilation the year round. 

Exampire —A 100-hp, squirrel-cage induction motor which has a full- 
load efficiency of 85 per cent. and which operates at full rated load is 
driving a line shaft in a furniture-factory room. If the furniture which 
is manufactured remains in the room until it has attained room tempera- 
ture, how many B t.u. are given up per hour to the room by the machinery 
during the manufacturing process? Sotution.—By Sec. 576, The rate 
of heat emission = (motor horsepower + motor efficiency) X 2,545 = 
(100 + 085) X 2.545 = 300,000 B.t.u. per hr. (approximately). 


577. Humidity Is Almost As Important As Ventilation In 
Rooms Occupied By Human Beings.—If the humidity 
(Sec. 331) is too low, the occupants of the room will experience 
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Fig, 498 —Illustrating how one feels in still air at different temperatures and relative 
humidities As indicated by the two dots on the dashed line in the ‘*Zone of Comfort,” 
a person will feel as comfortable in a room at 65° F, and 55 per cent relative humidity as 
he will in a room at 70° F and 35 per cent relative humidity. 


a “parched” sensation. The skin and the nasal passages will 
feel dry. Mental and physical depressions may result. 
Furthermore, low humidity is unhealthful because, after a 
person has remained in an atmosphere of relatively high tem- 
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perature and low humidity and then goes out into the open air, 
he is likely to contract a cold or incur other disorders of the 


nose, throat, and lungs. 
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Fig. 499.—Water pan, W, in warm-air furnace. 
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Fie. 500.—Water-pan humidifier for warm-air furnace. (Buck Stove & Range Co.) 


Nors.—Tue Revative Huminrry (Sec. 334) In Any OccuPiED SPACE 
Suoutp Nor Br Lowmr THAN 45 To 55 Per Cent.—Furthermore, with 
the air in the room at a given temperature, a person will feel warmer 
where the relative humidity is high than where it is low. The tempera- 
ture which he “‘feels” is the wet-bulb thermometer temperature (Sec. 
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Fie. 501.—Humidifying apparatus in an indirect heating system. (Krpnp, ‘‘House- 
hold Mechanies.’’) This shows only one of a number of the rooms which are heated. 
The air is drawn in at A to a motor-driven fan, G. The air, after leaving G, passes 
through a cold-air duct, C, to the heating surfaces, H, where it is warmed. The now- 
warmed air leaving H, enters the tempered-air chamber, 7, through the passage, K. 
A damper, M, provides means for also admitting cold air to 7 directly from the fan. 
The thermostat, O, is connected with a pneumatic motor, V, which so regulates the 
supply of cold and warm air through K and M as to maintain the desired temperature 
for the air supply for the rooms above. 

The air is humidified by a direct water spray, S. A part of the warm air from H may 
escape through the damper, W, and absorb water onits way to the duct, D—which takes 
the air to the room above—which room it enters through the register, H. The supply of 
the warm humid air is admitted to D in such quantity as will produce the desired degree 
of humidity in the rooms. The room temperature is governed by the thermostat, P, 
which, by means of the motor, N, controls the damper F. This damper admits warm 
humid air and the tempered air from T in proper proportion. When the humidity of the 
air in the room attains the maximum for which the humidostat is set, the humidostat, S, 
through its motor, closes the valve, R, which controls the water supply to the spray 
nozzle, Thereby the moisture in the air is decreased until a further amount is demanded, 


I-End View I-Front View 


Fie. 502.—Water pan for humidifying the air on radiator of direct-heating system. 
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334), whereas the actual temperature of the room will be the dry-bulb 
thermometer temperature. The effect of humidity on the agreeable 
temperature is shown in Fig. 498. Hence, it actually requires less fuel 
to heat a space comfortably where the humidity within the space is high 
than it does if the humidity is low. 

Notr.—Prorer Humipiry May Bes Provipep Reapity In Any 
Room.—If a warm-air furnace is used for heating a water-pan, W, (Figs. 
499 and 500) may be arranged, in the air-warming passage of the furnace, 
adjacent to the fire box, The water becomes hot and evaporates into 
the up-going air and humidifies it. Sometimes the water boils and thus 
(Sec. 313) evaporates very rapidly. Where buildings are heated by the 
indirect method, suitably designed humidifying apparatus (Figs. 320 and 
501) can be installed in the warm-air duct. In rooms heated by direct 


co Plaster Ano Meta/ Lath 


(Thick With Light Wire- 
y Netting Reinforcement 
Ly /-T 


Hoslow THe-- 


Wooden Wall Protected 


Finished Floor Rough Under Floor’ 


Fia. 503.—Steam from kettle of water humidifying room. (This also shows a method 
of fireproofing around a stove.) 


hot-water or steam-heating systems, water-pans (W, Fig. 502) may be 
placed on the tops of the radiators. The evaporation of their water 
humidifies the air. Where a stove is used for heating, water boiling in a 
kettle (Fig. 503) placed on its top will generally supply ample moisture. 


578. The Principal Methods Of Warming Buildings may 
be classified as follows: (1) Direct; Fig. 506. (2) Indirect; 
Fig. 528. (3) Dzérect-indirect; Fig. 539, also called semi- 
indirect. Each of these methods is treated in succeeding 
sections. For definitions, see note below. 


Nore.—Drrect Heatine Is Errecrep By Warmina Tue Arr OF 
Tur Room WirHin Tur Room (Fig. 506) by some such means as fire- 
places, stoves, or steam or hot-water radiators. 

Inprirect Heating Is AccompiisHeD By Heatine Arr OvrsipE OF 
Tue Room (Fig. 528) and then transmitting the warmed air to the room 
which is to be heated, through suitable ducts, either by convection or by 
forced draft. 
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Direcr-inpirect Huatine (Fig. 539), as the name implies, is a com- 
bination of direct and indirect. 


579. The More Common Types Of Apparatus Which Are 
Used For Building-warming are: (1) Open-grate fireplace; 
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Fria. 504.—Typical open-fireplace construction. 


Fig. 504. 
Fig. 506. 
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(2) Stove; Fig. 505. 
(4) Steam radiators; Fig. 506. 
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(3) Hot-water radiators; 


(5) Warm-air 


furnaces; Fig. 499. The scope of this book permits only a brief 
description of each. Other illustrations follow. 
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Fie. 505.— Heating stove. 


Winciow-.. 


Fia. 506.—Diagram of direct heating radiator. 
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580. Table Showing Approximate Average Efficiencies Of 
Various Types Of Heating Installations.—These values are 
expressed as a percentage of heat given up to the heat-transfer 
medium—air, water or steam—as against the heat contained 
in the fuel. 


Method of heating Efficiency, per cent. 


1 about (in cooking) 


Cooking stovestc.e ara c neta adneneles 70 to 80 (in heating) 
Fireplace: «< sqnckeee en conti eee ye tt: 5 to 20 
Heating:stovesay-n.. tee oy meee nee 70 to 80 
VEIN THK cook oocan oc ce dedcucauce 50 to 70 
Steam cheating yas vcs aoe cea saree 60 to 75 
Hot-watersheatingac ask sai ween goin ie see 60 to 75 


ExaAmMPLe.—If 1 lb. of coal, which has a heat value of 11,000 B.t.u. 
(see Sec. 452) is burned in a fireplace, the amount of heat from this 1 lb. 
of coal which would be given off in heating the room might only be: 
11,000 < 0.05 = 550 B.t.u. The remainder, or: 11,000 — 500 = 10,450 
B.t.u. would be lost up the chimney. 

EXxaMPLE.—A certain steam-heating furnace, which is located within 
the building, burns 10 lb. of coal per hr. If the thermal value of this 
coal is 14,000 B.t.u. per Ib., 


PAF Soares hone iis what part of the heat in the 
4 gs ee bd S.. coal is, probably, useful in 
Ss Ea: seen Tecan NSS heating the building? Soxv- 
& 8& SOUS ke Gitta SS SE mon.—From Table 580, the 
KY] te eS 

EOS y.| =* probable efficiency of a steam 
S\o Shes ts ee 

& XI St s= heating installation is about 
S ae 7 eae 67.5 per cent. Therefore the 
2 § ‘ 8° heat effective in warming the 
a af x building = 10 X 14,000 X 0.675 


= 94,500 B.t.w. per hr., more 

Fie. 507.—Graphical statement of steam- or less. The remainder of the 
eee ane he ght heat inthe coal, or 45,500 Bn 

per hr. is lost up the chimney. 

Notn.—A GrapyicaL Srarpment Or Sream- Anp Hot-water 
HeEAatTInG-PLANT Erricimncy is presented in Fig. 507. About 30 per 
cent. of the total heat in the fuel is spent in maintaining the draft. In one 
sense, this 30 per cent. is not wasted inasmuch as combustion (Sec. 464) 
cannot be effected without draft. If heat from the fuel was not employed 
or producing draft, the draft would have to be produced by the expendi- 
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ture of external power. But this 30 per cent. is largely wasted insofar 
as building warming is concerned. ‘This leaves about 70 per cent. of the 
total heat in the fuel available for heat transmission and distribution. 

If the entire heating plant is in one building, the 17.5 per cent. allowed 
(Fig. 507) for distribution is really not lost but is expended in warming 
cellars and other spaces through which the supply and return mains pass. 
Hence, in such a plant, about 70 per cent. of the total heat in the fuel is 
available for building warming. But if the heating-steam or water 
must be transmitted through relatively long pipe lines, then the 17.5 per 
cent.—or more—may be wholly lost in transmission. 


581. The Applications, Advantages, And Disadvantages 
Of The Various Methods Of Building Warming are: Firr- 
PLACES are: (1) Very inefficient. (2) Dirty. (8) Do not 
produce even temperatures. Stoves are: (1) Relatively effi- 
cient. (2) Dirty. (8) May occupy valuable floor space. Hor- 
waTER AND Stream Systems have the following inherent 
characteristics: (1) High first cost. (2) Positive heat transfer, 
therefore not affected by wind. (3) Applicable to both large and 
small installations. (4) Relatively inflexible in overload 
capacity. CGRAVITY-INDIRECT WARM-AIR SysTEMS may be said 
to: (1) Have large overload capacity. (2) Be relatively low in first 
cost. (3) May provide proper ventilation. (4) In some 
instances, be affected by wind. Tur Hot-sLast WARM-AIR 
System provides positive ventilation at all tumes. 

582. The Open-grate Fireplace (Fig. 504) is the oldest 
type of heating apparatus now commonly used for warming 
buildings. From it the heat is transmitted to the room almost 
wholly by radiation. It provides a very inefficient heating 
method (See Table 580 and example subjoined thereto). 
About 80 to 95 per cent. of the heat of the fuel escapes through 
the flue and is ineffective in warming the room. An open- 
grate fireplace does, however, provide an excellent means of 
ventilation, since all of the air which is taken from the room 
and carried up the chimney by convection must be replaced by 
fresh air through infiltration from the outside. However, an 
open fireplace provides a pleasant and cheerful heating effect. 
Such fuels as coal, wood, coke, gas, and peat, may be burned 
in the fireplace. 


Norr.—To Br Most Errecrive, A Fireptace Must Be PROPERLY 
Designep.—It should have sloping firebrick sides, and back, A and B, 
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(Fig. 504) to reflect the heat into the room. The throat, C, should not be 
greater than 2.5 to 4 in. in depth and should be of the width of the 
fireplace opening. The total throat area should be at least equal to the 
total flue area. Thesmoke shelf, HZ, prevents air from rushing down when 
the fire is being started, and forcing smoke into the room. 


583. The Stove is in general use, both for building-warming 
(Fig. 505) and for cooking (Fig. 508). In spite of its dis- 
advantages the stove appears to provide the most economical 
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Fig. 508.—Typical modern cooking range. (In the trade a ‘Stove’ has two oven 
doors, one at each side of its oven. A “Range” has only one door to its oven.) 


method of heating where only a small amount of locally- 
generated heat is necessary. Stoves are usually made of 
cast iron or sheet iron. Each contains a fire bowl or box 
(B, Fig. 505) wherein the combustion (see Div. 14) of the fuel 
takes place. A smoke-pipe, P, connects the fire box to the 
chimney. Natural draft is employed in practically every 
case. Stoves may be obtained wherein practically any known 
fuel may be burned. Heat is transmitted from a heating 
stove by direct radiation, conduction, and convection. The 
warming efficiency of the average heating stove is (Table 580) 
70 to 80 per cent., whereas, with the cooking stove, only about 
1 per cent. of the heat of the fuel is actually utilized for cooking. 
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Notrr.—TuEe Woopwork Locatrep Nar To Stoves Wuicnw ARE 
Orrratep In Wooprn Bur~pines SHoutp Br Firerroormp.—An 
effective and comparatively inexpensive method of fireproofing a stove is 
shown in Fig. 503. 

584. In Comparing Hot-water Or Steam Heating Systems 
With Warm-air Furnace Systems: the hot-water and steam 
plants have the advantages that their operation is not affected 
by wind pressures, and that, with them, heat may be readily 
transferred to any part of a building or community. They 
have the disadvantage, as compared with warm air, of about 
two to three times the cost for an equivalent installation. 
The hot-water and steam systems are, in general, (Table 
580) somewhat more efficient. Hot-water and warm-air 
systems are more flexible than are steam systems in that a 
moderate rate of heating can be produced with them whereas 
the steam systems generally either heat at their maximum 
rate or not at all. The hot-water system is about 20 per cent. 
greater in first cost than is the steam. 

585. Hot-water Heating Systems Are Of Two Classes: 
(1) The gravity-return system, which operates by convection 
(Sec. 586) only. (2) The forced-circulation system, wherein 
the circulation of the heated water is effected by a pump. 
The gravity system is effective in, and is usually employed, 
only in relatively small installations; see following sections. 
The forced-circulation system is used in hot-water district 
heating and for large industrial-plant buildings. 

586. The Principle Of Gravity Hot-water Heating is dis- 
cussed in Div. 5, TRANSFER Or Huat. The water is heated 
in the boiler (Fig. 509) which is located at the lowest point 
of the system, usually in the basement. The heated water 
then conveys the heat to the radiators by convection (Sec. 137) 
and there transfers a portion of its heat to the air of the rooms. 
The water is cooled thereby. Then it, now being heavier 
than the corresponding column of hot water in the supply 
pipe, falls by gravity to the boiler. Therein it is re-heated 
and the process continues so long as heat is supplied by the 
burning of the fuel in the boiler. 

Nore.—In A Gravity Hor-warer Heatine System ALL Or THE 
Prernc Suoutp Be Entirevy Foun Or Warer.—If it is not full, cireula- 


tion cannot occur and it will cease to function as a heating system. 
36 
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Notse.—To Compute Tur Pressure Wuicu Causes THe Circuua- 
TION Or Tue Water In A Gravity Hot-water Huatine System the 
same general method is followed as that described in Sec. 256 for the 
computation of the pressure which produces a draft in a chimney. See 
following example. 

ExaMpLe.—What pressure head will be produced in a hot-water 
heating system wherein the average difference in elevation between 
the boiler and the radiators is 20 ft., if the average temperature of the 
water in the supply pipe is 180° F., and that in the return pipe is 160° F. 


<Hot-Worter - 
Supply Pipe 


Fie. 509.—Typical medium-size, hot-water heating boiler. (American Radiator Co.) 
In general, the same boilers may be used for both steam and hot-water heating but 
steam space must be allowed above the water in a steam boiler. 


SoLution.—The weight of 1 cu. ft. of water at 180° F. is 60.554,7 lb., 
and at 160° F. 1 cu. ft. of water weighs 60.975,4 lb. The difference in 
weight of 1 cu. ft. of water at 180° F. and 160° F. = 60.975,4 — 60.554,7 = 
0.420,7 lb. A column of water 1 sq. in. in cross section and 20 ft. in 
height contains: 20 + 144 = 0,138,8 cu. ft. The difference in weight of 
this water column at 160° F. and at 180° F. = 0.420,7 X 0.138,8 = 
0.058 lb. Therefore, the pressure head produced in the system is 0.058 Ib. 
per sq. in. 

Notre.—TueE CircuLatinag PrEssuRE OpTAINABLE InN A Gravity 
Hot-water System Is ReELativety SMALL, as is indicated by the 
preceding example. Hence, in such a system, the piping must be 
designed and erected very carefully so that it will offer minimum fric- 
tional opposition to the water-flow. In large buildings, or where anumber 
of isolated buildings are to be heated by hot water, it is necessary to 
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employ a pump to circulate the water, that is, a forced-circulation 
system must be used (see Fig. 527). 


587. Several Methods Of Piping Are Employed In Hot- 
water Heating. The three principal piping systems are: 
(1) The multi-branch or two-pipe system (Figs. 510 and 511), 
which is the one ordinarily used for relatively small buildings 
such as residences. (2) The circuit or one-pipe system (Figs. 
512 and 513), which requires no separate return main; this 
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Fie. 510.—Multi-branch or two-pipe system of hot-water piping. 


feature renders it especially adaptable to those apartment 
houses wherein each apartment has its own boiler, as it elimi- 
nates about half of the basement piping. However, it requires 
larger radiators than the multi-branch system. (3) The 
overhead or “Mills” system (Figs. 514 and 515), wherein the 
distributing main is located on the top floor, or in the attic. 
In each of these the general principle is the same. The arrows 
in the illustrations indicate the directions of water flow. 
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588. An Expansion Tank Is Required In Hot-water Heating 
Systems.—To insure circulation through the radiators of a 
hot-water heating system, all of the piping must be entirely 
full of water. Hence some means must be employed to insure 
this, and at the same time, prevent damage by the rupturing 
of some component of the system due to the expansion of the 
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Fig. 511.—Reversed-return two-pipe hot-water system. This piping arrangement 
requires a little more pipe than does that of Fig. 510 but it provides circuits of prac- 
tically the same length through all radiators. It thus tends to equalize the resistance 
to flow through all of the radiators. 


water (which will obviously occur when the water is heated). 
This is accomplished (Figs. 510, 512 and 514) by using an 
expansion tank. When the water in the system is heated, 
it expands into the expansion tank, 7, (Fig. 516), which is 
normally about half full of water. The tank may be vented 
at V to the open air, thus permitting free expansion of the 
water in the system. 
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Fig, 512.—The one-pipe system of piping for hot-water heating. The radiators on 
the left are properly connected. Those on the right are connected poorly. Note the 
difference. 


‘Direction 
Of Flow 


¥ia. 513.—Illustrating the one-pipe circuit system of piping hot-water radiators. 
Each radiator receives colder water than the preceding one. Thus, the effectiveness of 
the later radiators is less than that of the earlier. The later radiators should, therefore, 


be made relatively large. 
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589. There Are Two Methods Of Expansion-tank Opera- 
tion: (1) The open-tank method, wherein the system is open 
(V, Fig. 516) directly to the atmosphere. (2) The closed- 
tank method, wherein the system is not open to the atmosphere, 
but instead has interposed in it a safety valve, or equivalent 
device, which insures that the pressure on the system will be 
greater than atmospheric pressure but which prevents an 
excessive increase in pressure in the system. 
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Fria. 514.—Two-pipe overhead or Mills system of piping for hot-water heating. 
Different methods of connecting the different radiators with risers are shown here. It 
is preferable to have the hot water enter each radiator at the top as in the lower left- and 
upper right-hand radiators The branches below the floor and behind the radiator are 
for taking up pipe expansion. 


EXPLANATION.—WHEN Tue System Is Orpen To Tue ATMOSPHERE, 
Tun TEMPERATURE OF Tue Water In It Cannot Excenp 212° F.—If it 
does tend to exceed 212° F. (which, Table 394, is the boiling temperature 
of water at atmospheric pressure) the hot water from the furnace as it 
reaches the tank, will vaporize into and discharge from the tank as steam. 
This limits the water temperature in the open-tank system to 212° F. 
The static head impressed on the water in the boiler, due to the weight 
of the column of water above it, may be such that the pressure on the 
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water in the boiler is considerably greater than atmospheric pressure. 
The temperature of such water before it rises into an open expansion 
tank may be materially above 212° F. But if it is above 212° F. it will 
vaporize into steam bubbles in passing 
to the tank and discharge as such. 

Now, if a safety valve, which is set 
to operate at a pressure of say 10 lb. 
per sq. in. above atmospheric pressure, 
is placed on the expansion tank, a 
closed-tank system will result. Then, 
the corresponding boiling temperature 
of the water under the increased 
pressure (see Steam Table 394) will 
be 240° F. 

Thus, by arranging a safety valve 
on an expansion tank, the tempera- 
ture, and the effectiveness, of the 
water in the heating system may be 
correspondingly increased. But ex- 
perience has shown that ordinary 
safety valves installed on expan- 
sion tanks are subject to “sticking.” 


mi 


<---Connection 
From System 


Fie, 515. Fie. 516. 


Fre. 515.—One-pipe overhead hot-water system. With this piping arrangement 
there is less “‘head’’ or pressure-difterence on each radiator than with that of Fig. 514. 
Also the lower radiators here receive colder water than the upper ones—hence the lower 


ones must be larger. 
Fia. 516.—Open type expansion tank for hot-water heating system. 


They are, therefore, dangerous. Hence, in modern systems it is the 
practice to install in the riser to the expansion tank some device (for 
example, the Honeywell Heat Generator) which is the equivalent of a 
safety valve. It maintains automatically, on the hot-water circulating 
system, a pressure of say, 10 lb. per sq. in. above atmospheric—that is, 
10 lb. per sq. in. gage; (see Sec. 16). But, if the pressure in the system 
exceeds 10 lb. per sq. in. gage, the device will relieve the excess 
pressure. Devices of this character should always be so simple that 
there is practically no possibility of their ever becoming inoperative. 
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590. The Rate Of Heat Radiation From The Radiators Of A 
Steam Or Hot-water Heating System is determined by their 
size and shape and by the average temperature of the water 
which circulates through them. Tests show that an average 
hot-water or steam radiator will give off about 1.7 B.t.u. per 
hr. per sq. ft. of radiating surface per degree Fahrenheit 
difference between the temperature of the water in the radia- 
tor and the temperature of the room. See Table 600 and 
Fig. 517. 


Notre.—Tue Normat Entrance Anp Exit TEMPERATURE DIFFER- 
ENcES Or Hot-waTer Raprarors are approximately: (1) For the open 
system; entrance temperature, 180° F.; exit temperature, 160° F. (2) For 
the closea (Honeywell) system: entrance 
temperature, 220° F.; exit tempera- 
ture, 200° F. In both cases, the 
temperature drop in the radiator is 
about 20° F. Hence, the average 
radiator temperature for the open 
system is about 170° F., and for the 
closed system, about 210° F. Thus, 
assuming a room temperature of 70° 
F., the difference between the average 
20 24 % 32 36 40 44 48 52 radiator temperature and the room 
So LR ae IS temperature is, for the open system: 

Pp ) P Y : 

Fie. 517.—Graphs showing varia~ 170 — 70 = 100° F. For the closed 
tions of the coefficient of heat trans- system, it is: 210 — 70 = 140° F. 
mission from radiators with radiator ae 
ane Therefore, for the open system, it is 

ordinarily assumed in hot-water- 
heating computations that the rate of radiator heat emission ts: 1.7 X 
100 = 170 B.t.u. per hr. per sq. ft. of radiating surface. For the closed 
s stem, the rate of heat emission will be: 1.7 X 140 = 238 B.t.u. per hr. per 
sq. ft. of radiating surface. These values will vary somewhat with 
radiators of different types. See Table 600. 
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591. The Procedure In Proportioning The Radiating Surface 
Of A Hot-water Heating System For A Given Room Or 
Building is essentially the same as that used for designing a 
steam-heating system. It is described in following Sec. 599. 
For either hot-water or steam, the amount of radiating surface 
is selected such that the heat which is given off by the radiators 
is just sufficient to compensate for the heat loss (Sec. 561) 
from the room or building. 


Src. 592] BUILDING WARMING 569 


592. In Steam Heating Systems, steam (see Div. 11) is the 
medium whereby the heat is transferred from the location 
where it is generated, usually by the combustion of a fuel in a 
boiler (Fig. 518), to the room or building which is to be warmed. 
Since the steam in the radiators is at a higher temperature 
than the air in the space to be warmed, heat is transferred by 
conduction, radiation, and convection, from the radiator to 


Steom-Supply Pipes---~a-":~ff Sie & 
Steam Space--Ll M2 |! I OA) S 
Worter in ee cedGT) as 
Compartments EE i) =) & 
77 7 D bo 

| itd 


arn ca 


Sy 


Peis” ||: 
wit tied 
we 


Fic. 518.—Typical medium-size, cast-iron, sectional steam-heating boiler. (The 
steam boilers used for large steam heating plants are essentially of the same construction 
as those used for power service, except that they may be designed for smaller pressures. ) 


the air in the space. Due to this loss of its heat, the steam 
in the radiator is caused to condense. It thus gives up its 
latent heat of vaporization (Sec. 329) to the room. Since, in 
general, steam-heated radiators operate at higher temperatures 
than do hot-water radiators, a lesser amount of radiator sur- 
face is, for equivalent conditions, sufficient in steam-heating 
systems. 

593. A Comparison Of The Steam As Against The Hot- 
water Heating System may be stated thus: In general, 
a steam system is not as economical or as well adapted for 
moderate climatic conditions as is a hot-water system. On 
cool—not cold—days, a small fire will circulate the water ina 
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hot-water system satisfactorily, but in a steam system, the fire 
under the boiler must always, if any heat whatsoever is to be 
given off by the radiators, be sufficient to maintain all of the 
water in the boiler at least at the boiling temperature. There- 
fore, while the first cost of a hot-water warming system may 
be greater than that of an equivalent steam system, the hot- 
water outfit will, for moderate conditions, probably be more 
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Fic. 519.—Two-pipe (basement-main) system for steam heating. Note the sealed 
returns. Without these seals, the steam might short-circuit through the radiators 
nearest to the boiler and not reach the others. 


economical and satisfactory in the long run. The hot-water 
system, however, has the disadvantage of not being adapted 
to changing the rate of heating as quickly as does a steam 
system. The great bulk of water in a hot-water system takes 
a greater length of time to warm. 

594. Direct Steam-heating Systems May Be Classified with 
respect to: (1) The method of returning the water of condensation 
from the radiators to the boiler. (2) The method of piping. (8) 
Steam pressure. Each of these will be discussed. 
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595. The Condensation Water In A Steam Heating System 
May Be Returned To The Boiler By Either Of Two Systems: 
(1) The gravity-return system. (2) The forced-return system. 
The gravity-return system (Figs. 519, 520 and 521) comprises 
a closed circuit, wherein the condensation water flows to the 
boiler by gravity. The forced-return system (Fig. 522 which 
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Fria. 520.—One-pipe (basement-main) for steam heating. Here again, as in Fig. 514, 
various radiator-connection arrangements are shown. ‘The upper right-hand radiator 
may give trouble due to pipe expansion. 


is explained later) is not a closed system. With it, the pres- 
sure in the supply piping and radiators may be considerably 
higher than that in the return piping. That is, the condensate 
is returned to the boiler by means of a pump, return traps, or 
both. 

596. The Principal Methods Of Piping Used For Steam- 
warmed Buildings are: (1) The two-pipe system; Fig. 519. 
(2) The one-pipe basement-main system; Fig. 520. (8) The 
one~pipe attic-main or “ Mills” system; Fig. 521. Various other 
arrangements, which are usually modifications of one of these 
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three systems, are employed. For all systems, the general 
principle is the same. 


Notr.—A Comparison Or THE THREE SysteMs Or Pirine which are 
illustrated in Figs. 519, 520 and 521, shows, for small buildings, but 
little difference in the cost of the one-pipe as against the two-pipe system. 
For large buildings, however, the one-pipe system is usually more 
economical. The two-pipe system is less susceptible to ‘“water-hammer’’ 
noise. It issometimes more economical in operation, especially when the 
radiators are equipped with steam traps (Fig. 522, explained later). 


IN mel | 


Fia. 521.—One-pipe (attic-main) or Mills system for steam heating. Each radiator is 
shown with a different kind of connection. 


Norse.—‘ Wer” Anp “ Dry” Rerurns (Fig. 519) are so called, respec- 
tively, when the return pipe is below or ahove the water line of the boiler. 
The wet return insures against short-circuiting through the radiators but 
requires a little more pipe than does the dry return. 


597. A Pressure Classification Of Steam-heating Systems 
is: (1) High-pressure systems are those in which the steam pres- 
sure in the radiators is 10 Ib. per sq. in. gage and above. High- 
pressure systems are seldom used in building warming. (2) 
Low-pressure systems are those in which the steam pressure 
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in the radiators is something between atmospheric pressure and 
10 lb. sq. an. gage. Practically all building-warming installa- 
tions for which steam is used as the heat-transmission medium 
are low-pressure systems. Even when the steam is generated 
at high pressure in a power boiler, reducing valves are inter- 
posed between the boiler-main and the steam-heating system 
to reduce the boiler pressure to the low heating pressure. 
The average pressure carried in steam radiators is probably 
about 1 or 2 lb. per sq. in. gage. 


Norr.—Vacuum Systems (Fig. 526), so called, are those in which a 
partial vacuum (Sec. 16) is carried in the return piping of the steam- 
heating system and sometimes even in the radiators. As explained in 
the following Sec. 598, an automatic trap or valve (Fig. 522) is, ordi- 
narily in a vacuum system, interposed between the outlet of each radiator 
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Fie, 522.—The Webster ‘‘Sylphon”’ trap or ‘‘trap valve”’ for steam radiators. 


and the return main. This valve prevents steam from entering the 
return pipe. Therefore, where such a valve is used, the steam pressure’ 
in the radiators of a vacuum system will not decrease to below atmos- 
pheric pressure unless the vacuum-return valves leak and thereby 
entail a constant loss. 

Nore.—Tue Pressure In Exnaust-steAM Hatine Systems (see 
following Sec. 598) usually ranges from 1 to 5 lb. persq. in. gage. A back- 
pressure valve (B, Fig. 523), which is inserted in the engine-exhaust 
line to the atmosphere, maintains automatically the desired pressure in 
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the heating system. A vacuum heating system operating on exhaust 
steam insures a small back-pressure on the engines. 

Notr.—Tup Various Mrruops OF Pipine (Src. 596) May Br Usep 
For Uttnizing Stnam At Any Or Tue PressuRss listed above. Also, 
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Fic, 523.—Typical exhaust-steam gravity-return heating system. (Harrison Safety 
Boiler Works.) 


any combination of piping and steam pressure may be operated either as a 
gravity-return system or as a forced-return system. Thus the arrange- 
ment shown in Fig. 519 might be designated as a two-pipe, low-pressure, 
gravity-return, steam-heating system. 
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598. Exhaust Steam, Where Available, Provides A Most 
Economical Source Of Heat For Building Warming.—About 
80 per cent. of the total heat in the steam which is supplied 
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Fie. 524.—Exhaust steam at atmospheric pressure contains an amount of heat, H, 
equal to 80 to 85 per cent. of the total heat of the live steam. 


to a non-condensing engine or turbine (Figs. 524 and 525) 
is wasted in the exhaust if the machine exhausts directly 


into the atmosphere. 
20 per cent. at most of this exhaust 
steam can be effectively utilized for 
feed-water heating. Hence, even 
after the boiler feed water has 
been heated by exhaust steam up 
to 212° F., about: 0.80 — (0.20 X 


0.80) = 0.64 = 64 per cent. of the © 


entire quantity of heat supplied to 
the engine is available in remain- 
ing exhaust steam for building 
warming. ‘Thus, steam which has 


first been passed through an engine ! 


or turbine, and made to do all of 
the work that it can do therein, is, 
as it exhausts from the non-con- 
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Fic. 525.—Exhaust steam avail- 
able for heating. (The area WXYZ 
represents the total heat in the coal. 
The area B represents. approxi- 
mately, the heat used and wasted 
in the engine. The area C repre- 
sents, approximately, the heat in the 
exhaust steam, most of which may 
be utilized in building warming.) 


densing engine or turbine, almost as effective (80 per cent. of the 
original heat is in the exhaust steam) for building warming as 


is high-pressure live steam. 


In one sense, the engine or tur- 
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bine acts merely as a reducing valve. Consider the following 
example: 


Exampie.—From Steam Table 394, 1 Ib. of saturated steam at a 
pressure of 100 lb. per sq. in. gage contains a total of 1,188.8 B.t.u. 
Also, this 1 lb. of steam, after adiabatic expansion to 3.3. lb. per sq. in. 
gage, contains a total heat of 1,052 B.t.u. Hence an engine in working 
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Fie. 526.—Typical (Webster) system of piping for exhaust-steam heating. 


the steam from a pressure of 100 lb. per sq. in. gage down to a back 
pressure of 3.3. lb. per sq. in. gage, could extract only: 1,188.8 — 1,052 = 
136.8 B.t.u. per lb. from the steam. The greater part of the 1,052 B.t.u. 
which is in each pound of steam at a pressure of 3.3. Ib. per sq. in. gage 
is usually available for building or other heating. 

EXPLANATION —Tue Operation Or A Tyrican ExnHavust-sTEAM 
VACUUM-RETURN Hnatine System (The Webster System) will now be 
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explained. Refer to Fig. 526. Steam is exhausted from the main engine 
through the main exhaust, A. It then passes through the oil separator, 
D. There it divides, part passing to the feed-water heater, B, and the 
remainder passing through C to the heating main, H. The back-pressure 
valve, F, is so adjusted that if an excess of exhaust steam, over that 
amount required for the heating system, is available, this excess is 
permitted to escape through the atmospheric exhaust pipe, G. If the 
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Fie. 527.—Office adjacent to a factory heated by an exhaust-steam hot-water system. 
The advantages of hot-water heating are under certain conditions realized even though 
the heat is derived from exhaust steam. (Whitlock Cozl Pipe Co.) 


engine stops, or if the load is so decreased that insufficient exhaust 
steam is available to produce the desired steam pressure in the heating 
system, then live steam is admitted directly from the boiler through the 
pressure-regulating valve, H. 

The vacuum pump, J, delivers the condensate and air from the main 
return, J, to the receiver, K. The air escapes from K through the vent, 
L, and the condensate flows through the loop, M, to the feed-water 
heater, from which it is returned to the boiler by the boiler-feed pump, X. 
The pump governor, R, which is connected to the live-steam main through 

37 
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pipe O, and to the return main through pipe P, so operates as to auto- 
matically maintain a constant vacuum in the heating-system returns. 
It is essential that the return side of each radiator be equipped with a 
trap, T, which will permit water and air to pass, but not steam. Sucha 
trap is shown in Fig. 522. 

The trap valve, V (Fig. 522) is shown in the open position. As steam 
contacts with and heats the sheet-metal bellows, B, which is filled with 
a volatile liquid, the liquid vaporizes. Then B expands, and closes the 
valve. When air or water enters the trap, B is thereby cooled. It 
then contracts, thus opening the valve and permitting the air or water to 
flow or be pumped out of the radiator. When all of the air and water 
have escaped, steam will again surround B and the cycle will be repeated. 

An exhaust-steam hot-water heating arrangement is shown in Fig. 527. 


599. The Area Of The Radiating Surface Required For 

Warming A Building With Either Direct Steam Or Hot-water 
Radiators may be computed by the following formula: 
(362) Ar= Ker T,) (square feet) 
Wherein: A = area, in square feet, of the radiating surface. 
Q,r = total heat loss, in B.t.u. per hour, from room as deter- 
mined by For. (356) or (861). 71 = temperature of the room, 
in degrees Fahrenheit. J’. = average temperature, in degrees 
Fahrenheit, of the heating medium within the radiator. 
K = heat emitted, in B.t.u. per square foot per degree Fah- 
renheit temperature difference between the heating medium 
within the radiator and the room; for values of K, see Table 
600 and Fig. 517. 


Derivation.—As explained in preceding Sec. 561, to maintain the 
room temperature constant, the heat given off by the radiators in the 
room must be equal to the heat loss from the room, that is: 

(363) Heat given off by the radiators = Qo (B.t.u. per hr.) 

Now, (the total heat given off by any radiator) = (B.t.u. given off per 
sq. ft. per hr. per deg. Fahr temperature difference) X (difference between 
room temperature and the heating medium within the radiator) X (area of 
the radiator surface in sq. ft.). Using the symbols specified above instead 
of words, the preceding statement becomes: 


(364) Qr = K(T, — T1)A (B.t.u. per hr.) 
Transposing, there results: 

: Qr 

365 A == 

(365) Kt —T) (square feet) 


Which is the same as For. (362) 
Norr.—AVERAGE INSIDE-RADIATOR-TEMPERATURE VaLurns As OrpI- 
NARILY Usrep In Practice in computing required-radiating area are: 
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(1) Steam, 220° F. (2) Hot water: open tank system, 170° F.; closed tank 
system, 210° F. 

Exampie.—How many square feet of radiating surface would be 
required, using 2-column, 44-in. radiators, to maintain the temperature 
of the room which is specified in Example under Sec. 574, at a tempera- 
ture of 70° F. with a steam-heating system? With an open-tank hot- 
water system? Sonurion.—By Example, Sec. 574, Qr = 28,920 
B.t.u. per hr. From Fig. 517, K for a 2-column, 44-in. radiator = 1.6. 
Therefore, by For. (362), the area of radiating surface for steam heating, 
A = Qe/K(T2 — T1) = 28,920 + 1.6(220 — 70) = 120 sg. ft. For hot 
water, A = 28,920 + 1.6(170 — 70) = 180 sq. ft. 


’ 600. Table Of Coefficients Of Heat Transmission From 

Radiators (either hot-water or steam) of various types. This 
data is based on a temperature difference between the radiator 
and the air of about 150° F. which represents ordinary condi- 
tions. The variation of the coefficients with the height of | 
cast-iron radiators is shown in Fig. 517. (From HEATING AND 
VENTILATION by Allen and Walker.) 


Ratliator K (For, 362) 
B.t.u. per 
square foot per 
hour per degree 

Type Description difference in 

temperature 
OAstTes LOne-coluninie meet ke eleacesssier oat eke iL 745 
Iron, | Two-column.........-.-.. see cece cece cess 1.65 
Miniaum bree =columisnwbieter ietcrne emcee eran oret 1.55 
SOREN eM OUL=COLUTMM ber tee petetepelians sr vencl chalets ee rela 1.45 
Heating surface 5 sq. ft., long side vertical. . 1.92 
Heating surface 5 sq. ft., long side horizontal 211 
Watt | Heating surface 7 sq. ft., long side vertical. . 1.70 
Com | Heating surface 7 sq. ft., long side horizontal. 1.92 
Heating surface 9 sq. ft., long side vertical... . Ierheh 
Heating surface 9 sq. ft., long side horizontal. 1.98 
Single horizontal pipe........-.-.+-++++5-- 2.65 
Single vertical pipe..........-.-++----+++- 2.55 
Prez | Pipe coil 4 pipes high............---.-.-5. 2.48 
Co | Pipe coil 6 pipes high......../.......--+-. 2.30 
Pipe coil 9 pipes high................-+-+. 2.12 
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601. The Requisite Grate Area For Steam And Hot-water 
Boilers For Building-warming Service may be computed by 
the following formula: 


(366) A = —~— (square feet) 


Wherein: A = grate area of steam or hot-water boiler, in 
square feet. Q,; = heat loss, in British thermal units per 
hour, from the building as determined by For. (356) or (361). 
H = heat value of the coal, in British thermal units per pound; 
see Table 451. W = weight of coal burned, in pounds per 
hour per square foot of grate surface. E = boiler, furnace, 
and grate efficiency, expressed as a percentage. 


Tue Derivation OF For. (366) is similar to that of For. (372), 
which is presented under Sec. 612. In For. (866), it is assumed that 
20 per cent. of the heat in the steam which is available for warming the 
building is lost in the piping. For values of H, see Table 451. W, 
will, for 8-hr. firing periods, vary from about 4 to 8 lb. per hr. per sq. ft. 
of grate area. For boilers with grate areas which exceed about 20 sq. ft., 
a rate of combustion of 10 to 15 lb. per hr. per sq. ft. of grate area can be 
maintained by constant attendance with short firing intervals. Approxi- 
mate values of E may be obtained from Table 580. 

Norse.—BoiLer Capacities May Be Srarep In Terms Or Tus 
Borer Horsrpownr. By definition (see Sec. 500): 1 boiler hp. ts equal 
to 34.5 lb. of water evaporated per hour, from and at 212° F. Since the 
latent heat of steam at 212° F, is (Table 394,) 970.4 B.t.u. per Ibs= 1 
boiler hp. is equivalent to: 970.4 X 34.5 = 33,479 B.t.u. per hr. Also, 
since 1 sq. ft. of a standard cast-iron steam radiator has, at a temperature 
of 220° F., a heat emission of about 250 B.t.u. per sq. ft. per hr., 1 boiler 
hp. will supply: 33,479 + 250 = 133.8 sq. ft. of steam radiation, or: 
33,479 + 150 = 223.1 sq. ft. of hot-water radiation. In using these values 
for computing the boiler-horsepower rating of a boiler to supply a given 
area of radiation, allowance must be made for the loss of heat in the pip- 
ing. This is usually done by adding about 25 per cent. of the total 
radiator area. 

ExamPpLe.—What grate area will be required for a steam boiler which 
is to heat a building having a heat loss of 160,000 B.t.u. per hr., if 6 lb. 
of Illinois soft coal is to be burned each hour on each square foot of grate 
surface? The boiler-and-grate efficiency is assumed to be 70 per cent. 
SoLurion.—By Table 451, the heat value of Illinois soft coal = 10,000 
B.t.u. per lb. By For. (366), the required grate area, A, = 1.25 Q7/HWE 
= 1.25 X 160,000 + (10,000 x 6 X 70) = 4.76 sq. ft. 
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602. Building Warming By Indirect Heating (Fig. 528) 
consists of heating air, by causing it to pass over a hot metallic 
surface, and then leading the air through suitable ducts to the 
room which is to be heated. Thus in indirect heating, air is 
the medium whereby the heat is transmitted from the hot 
metallic surface to the room. 
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Fie. 528.—Diagram of elementary Fig. 529.—Warm-air furnace with cold-air 
indirect heating system. ducts so constructed that a portion of the air 
may be recirculated, and the remainder taken 

from the outside. 


603. The Two Principal Methods Of Indirect Heating are: 
(1) The gravity system, (Fig. 529) wherein the air flow is pro- 
duced by convection (Div. 5); the gravity system is usually 
employed in conjunction with a warm-air furnace (Sec. 605). 
(2) The hot-blast or plenum system (Fig. 538), wherein the air 
flow is accelerated by power-driven blowers or fans, 7. In the 
hot-blast system (Sec. 607), the air is passed over a heater 
constructed of pipes, tubes, or cast-iron sections, which 
contain steam, hot water, or hot gas—or an electric heater 
might be used. 

604. A Pipeless Warm-air Furnace (Figs. 127 and 530) 
circulates the air by convection. With a fire in the fire pot, P, 
(Fig. 530) the air in the chamber C upon being heated, expands 
and is pushed upward into the room by the now-heavier cold 
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air in the outer casing. The cold air is thus drawn from the 
room and replaced by the heated air, which warms the room. 
The circulation of the warm and cool air through the building 
is represented by the arrows in Fig. 410. 

605. The Usual Type Of Warm-air Furnace (Fig. 531) has 
warm-air pipes which conduct the warm air to the warm-air 
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Fia. 530.—A pipeless warm-air furnace. 


registers located in the various rooms. The method of heat- 
ing the air is the same as that of the pipeless furnace (Sec. 
604). In this Fig. 531 installation, however, the cold-air 
supply is drawn from outside the building through a duct. 
If desired, however, the air from the building may be drawn 
into the heater through the recirculating duct. 
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606. The Location Of The Warm- And Cold-air Registers 
Within A Room should be given particular attention. Experi- 
mental results of air-passage through a room with various loca- 
tions of the warm- and cold-air registers are shown graphically 
in Figs. 532, 533, 534, 535, 536 and 537. (Carpenter HnaTING 
AND VENTILATING.) Fig. 537 shows the preferable arrange- 
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Fria. 531.—A dwelling warmed by a warm-air furnace. 


ment. It follows that an improper location of the registers 
may result in poor ventilation. The ventilation will be 
poor if the air passes through the room above the “‘breathing 
line,” because then the fresh air cannot be utilized by the 
occupants. 

607. The Hot-blast Or Plenum System Of Building Warm- 
ing (Fig. 538) is particularly adaptable for warming such rooms 
as are to be occupied by a large number of persons, thus 
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necessitating the introduction of a considerable quantity of 
air for ventilation. The cold air, which is taken from the 
outside (Fig: 538), first passes through a radiator or tempering 
stack, 7. 
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Fie. 582.—Room_ ventilation—warm Fie. 533.—Air introduced on side, 
air introduced at bottom, discharged discharged at top. 
at top. 


Fie. 534,—Air introduced on side, dis- Fie. 535.—Air admitted on side, dis- 
charged at opposite side. charged near bottom. 


Fic. 536.—Air admitted at bottom, dis- Fie. 537.—Air admitted near top, dis- 
charged near bottom. charged near bottom. 


ExpLanation.—In passing through 7, the air is warmed so that in cold 
weather there will be no tendency to freeze the air-washing and humidi- 
fying water W. Another function of T is that, by raising the temperature 
of the air before the air passes through W, it causes the air to absorb more 
moisture than it would if it were cold when passing through W. Thereby 
the relative humidity (Sec. 331) of the air in the rooms is increased. 
The air now passes from W and into the power-driven blower F, by 
which it is forced through the main heating stack or radiator, H, the 
warm-air duct, A, and into the room or rooms to be heated. The air, 
which is cooled in the room, passes from the room to the outside of the 
building through the cold-air register C. Supplementary steam-heated 
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wall radiators are employed in this installation to heat the cold air which 
filters through the windows, thus keeping the floor warm. A by-pass 
damper, P, is provided for controlling the room temperature. This it 
does by permitting the introduction of “‘tempered”’ cool air when neces- 
sary. These dampers are controlled pneumatically by the action of the 
automatic thermostat, G. 
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Fig. 538.—Plenum system of school room heating and ventilating. (American Radiator 


Co.) 


608. The Quantity Of Air Required For Building Warming 
may be computed by the following formula: 


(367) Vie SPOR (cu. ft. per br.) 


Wherein: V = volume of air, in cubic feet per hour, required 
to warm the room. Qv,r= heat loss from building, in British 
thermal units per hour, as computed by For. (356) or (361). 
T, = temperature of air, in degrees Fahrenheit leaving the 
warm-air register. T2 = room temperature, in degrees 
Fahrenheit. 


Derrvation.—By Sec. 578, 1 B.t.u. will raise the temperature of 55 cu. 
ft. of air 1° F. Hence, V + 55 = quantity of heat, in British thermal 
units, required to raise V cubic feet of air 1° F., conversely, V + 55 = 
quantity of heat, in British thermal units, given off by V cubic feet when 
the temperature decreases 1° F. If air enters the room at a temperature 
of 7; degrees Fahrenheit and leaves at 7’, degrees Fahrenheit, the tem- 
perature decrease is (71 — T,) degrees Fahrenheit. Therefore, (V + 
55) X (T, — T2) = quantity of heat given off by V cubic feet of air when 
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it enters at T, degrees Fahrenheit and leaves at T, degrees Fahrenheit. The 
quantity of heat supplied to the room per hour to maintain a constant 
temperature therein, must (Sec. 561) be equal to the quantity of heat, 
Qz7, lost from the room per hour. Or, 


(368) Fe (Ty — Tr) = Qr (B usper ae) 
Transposing For. (368): 

_  55Qr 
(369) V= @, — Tr) (cu. ft. per hr.) 


Which is identical with For. (367). 

Examp_e.—lIf the temperature of the air leaving the register is 130° F., 
how many cubic feet of air will be required per hour to maintain the room 
of the Example under Sec. 574 at a temperature of 70° F.? Sotution.— 
By For. (367), the quantity of air required, V = 55Q7/(T1 — 18) = GK Se 
28,920 + (180 — 70) = 26,510 cu. ft. per hr. 

609. The Requisite Temperature Of The Incoming Air To 
A Room may be computed by the following formula. This 
formula is obtained by a transposition of For. (367 ye 


(370) T, = =e cep (degrees Fahrenheit) 


Wherein all symbols are as explained under For. (367). 


ExampLe.—A certain school room, which is to be warmed by warm air, 
has a heat loss of 50,000 B.t.u. per hr. when the room temperature is 
70° F. It is to be occupied by 30 students. What should be the tem- 
perature of the incoming air to maintain the room temperature at 70° F.? 
Sotution.—The quantity of fresh air required for ventilation = 30 < 
1,800 = 54,000 cu. ft. per hr. If each person emits (Sec. 559) 400 B.t.u. 
per hr., the net heat which must be supplied = 50,000 — (30 X 400) = 
38,000 B.t.u. per hr. By For. (370), the temperature of the incoming air, 
T, = (55 Qr/V) + T. = (55 X 38,000 + 54,000) + 70 = 108.7° F. 

610. Either All Or A Portion Of The Air In An Indirect 
Heating System May Be Taken From The Outside, It May All 
Be Recirculated.—In warming rooms which are to be occupied 
by only a few people, the infiltration air (Sec. 568) may be 
sufficient for ventilation purposes. In such cases all of the 
air which passes through the furnace may be taken from 
within the building as in Figs. 127 , 410 and 530. If infiltration 
is insufficient for proper ventilation, all of the air may be taken 
from the outside, as in Figs. 528 and 538. Or, as shown in 
Fig. 529, only a part of the air may be taken from the outside. 
As will be demonstrated by the following example, a large 
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heat-saving may sometimes be effected by recirculating a 
portion of the air. 


Nore.—Tur Most Economicat Trempprature For Tue Arr As It 
Enters Tur Room From A Warm-arr Ruaister has been found by 
experience to be between 130 and 140° F. 

Exampire.—An office room occupied by 10 persons has, with a 70° F. 
inside temperature and 0° F. outside temperature, a heat loss of 36,000 
B.t.u. per hr. The temperature of the air issuing from the register is to 
be 140° F. Under these conditions, how much fresh air should be brought 
in from the outside per hour? How much may be recirculated, and what 
is the heat-saving effected by such recirculation? 

SoLtutrion.—By Sec. 576, allowing for the heat given off by the 10 
people in the room, 36,000 — (10 X 400) = 32,000 B.t.u. per hr. must be 
supplied the room by artificial means to maintain a 70° F. room tempera- 
ture. By Sec. 573, 10 X 1,800 = 18,000 cu. ft. of air per hr. which should 
be brought in from the outside for ventilation. The total quantity of air 
to be circulated is, by For. (867), V = 55 Qr/(Ti — T2) = 55 X 32,000 + 
(140 — 70) = 25,150 cu. ft. per hr. Therefore, (25,150 — 18,000) = 
7,150 cu. ft. per hr. can be recirculated without impairing the ventilation. 
Since this 7,150 cu. ft. per hr. leaves the room and enters the furnace at 
70° F., it is only necessary to supply sufficient heat to it, to raise its 
temperature through (140 — 70) = 70° F., whereas if it were taken from 
the outside a temperature increase of (140 — 0) = 140° F. would be 
required. Therefore, a saving of (7,150 + 55) x (140 — 70) = 9,100 
B.t.u. per hr., is, in this instance, effected by the recirculation. Without 
recirculating any air there would be required (25,150/55) X 140 = 
64,108 B.t.u. per hr. Hence, the saving, in this instance, = 9,100 + 
64,108 = 0.142 or 14.2 per cent. 


611. The Ratio Between The Quantity Of Heat Supplied 
To The Warming-air And Q7 may be determined by: 


BeOr ine ot ig Calc 
Va aE) 


Wherein all temperatures are expressed in degrees Fahrenheit 
and: Q, = quantity of heat, in British thermal units per 
hour, lost from the room as computed by For. (856) or (361). 
X = ratio between the quantity of heat Q,, supplied by the 
furnace to the warming-air and Qr. Q,y = heat, in British 
thermal units per hour, supplied to the warming-air by the 
furnace. J = temperature of the air leaving the furnace 
cap. To = temperature of the outside air. J: = room 
temperature. 71 = temperature of the air leaving the warm- 
air register. Vo = quantity of air, in cubic feet per hour, 


(number) 
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taken from the outside. V¢ = quantity of air, in cubic 
feet per hour, which is recirculated. 


DerivatTion.—Since (Sec. 573) it requires 0.02 B.t.u. to raise the 
temperature of 1 cu. ft. of air 1° F., the total quantity of heat, in British 
thermal units per hour, supplied by the furnace to the air which is brought 
in from the outside = 0.02(Tr — To)Vo. The heat, in British thermal 
units per hour, supplied by the furnace to the air which is recirculated = 
0.02(7'r — T2)Vc. Then, the total heat, Qr, in British thermal units per 
hour, supplied by the furnace to the warming-air: 0.02(Tr — To9)Vo + 
0.02(Tr — T2)Vc. The total quantity of air, in cubic feet per hour, sup- 
plied to the room = (Vo + Ve). The total heat, supplied to the room 
must, to maintain a constant temperature therein, be equal to the heat 
lost by the conduction through partitions and the infiltration (Sec. 561), 
which is Qr. By definition, X = Qr/Qr = [0.02(Tr — To)Vo + 
0.02(Tr — T:)Vel/(Vo + Ve)(T:1 — T2)0.02, which, when simplified 
becomes For. (371). 

Notr.—Tue Maximum TrmMpPERATURE ConpiTions Usuatiy As- 
SUMED IN WarM-ain FurNAcE Computations for substitution in the 
above formula are: (1) Temperature of air leaving furnace cap, Tr = 
180° F. (2) Temperature of outside air, To = 0° F. (3) Room tempera- 
ture, T,; = 70° F. (4) Temperature of air leaving warm-air register, T; = 
140° F. 


612. The Requisite Grate Area For Warm-air-furnace 
Building Warming is dependent upon: (1) Inside-outside 
temperature difference. (2) Temperature difference between 
the air leaving the furnace cap and the air leaving the warm-air 
register. (3) Quantity of air recirculated. (4) Heat value 
of the coal. (5) Furnace efficiency. (6) Rate of combustion. 
The grate area which will be required for warming any room 
or building may be computed by the following formula: 


EXO, 
(372) A= Oe (sqft 
Wherein: A = grate area, in square feet. X = ratio 


between the quantity of heat supplied to the warming-air 
and the heat given up to the room or building by the warm- 
ing-air as determined by For. (371). Q7 = heat loss, in 
British thermal units per hour, from the room or building, 
as determined by For. (356) or (861). W = weight of the 
coal burned, in pounds per hour per square foot of grate sur- 
face. E = furnace-and-grate efficiency expressed decimally. 
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H = heat value of the coal, from Table 451, in British thermal 
units per pound. 


Derivation.—The total heat generated per hour by the combustion 
of the fuel in the furnace is equal to: (Area of the grate in square feet) X 
(Number of pounds of coal burned per hour on each square foot of grate 
surface) X (Heat value of the coal in British thermal units per pound). 
And this multiplied by the fractional part of the heat, E, which is trans- 
mitted to the warming-air (furnace-and-grate efficiency) results in the 
total heat, Qr, in British thermal units per hour, supplied to the warming- 
air by the furnace. Expressing the above symbolically, wherein all sym- 
bols are as specified under For. (372): 


(873) Qr = AHWE (B.t.u. per hr.) 
Transposing For. (373): 

(374) = aa (square feet) 
By For. (371), Qe = XQrz. Substituting this value of Qr in For. (374): 
Ben @8h 3 
(375) A= HWE (square feet) 


Which is identical with For. (372). 

Notr.—Vaturs Usuatty AssumED IN WarmM-air Furnace Compvu- 
rations for substitution in For. (872) are: (1) Heat value of the coal 
(anthracite), H, = 12,000 B.t.u. per lb.; also see Table 451. (2) Weight 
of coal burned, W, usual rate = 4 lb. per hr. per sq. ft. of grate surface; 
maximum rate in extremely cold weather = 8 lb. per hr. per sq. ft. of grate 
surface. (3) Furnace-and-grate efficiency, E, = 60 to 70 per cent.; see 
Table 580. 

Exampie.—Basing the computation on the usual assumptions, what 
grate area will be required to warm a building which has a heat loss of 
101,800 B.t.u. per hr., if 25 per cent. of the air is to be recirculated? 

SoLuTion.—By For. (369), the quantity of air required per hour = V = 
55 Q7/(T1 — T2) = 55 X 101,800 + (140 — 70) = 80,000 cu. ft. The 
quantity of air recirculated, Ve = 0.25 X 80,000 = 20,000 cu. ft. per hr. 
Therefore, the quantity of air which must be brought in from the outside, 
Vo = 80,000 — 20,000 = 60,000 cu. ft. perhr. By For. (371),X = [(Tr 
—To)Vo + (Tr — T2)Vel/[(Vo + Ve)(T1 — T2)] = [180 — 0)60,000 + 
(180 — 70)20,000] + 80,000(140 — 70) = 2.3. By For. (872), the 
required grate area, A = XQ7/HWE = 2.3 X 101,800 + (12,000 X 8 X 
0.65) = 8.75 sq. ft. 

613. The Proper Size Of The Air Ducts And The Regis- 
ters may be computed upon the following basis: It is ordina- 
rily assumed that the air velocities in the warm-air ducts 
in gravity warm-air heating systems are: (1) First floor, 
4 ft. per sec. (2) Second floor, 6 ft. per sec. (3) Third floor, 
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8 ft. per sec. Therefore, the size of the warm-air duct may be 
computed by: 


(376) Need 


3,600 
Wherein: A = area, in square feet, of warm-air duct. v= 
velocity, as above specified, of air through duct, in feet per 
second. V =volume of air, in cubic feet per hour, as com- 
puted by For. (367). 3,600 = number of seconds in one hour. 


(square feet) 


Note.—TxHe Overatyt AREA Or THE WarM-AIR REGISTERS should be 
from about 1.5 to 2 times the area of the warm-air duct, depending upon 
the amount of free area of the register. 
The areas of the cold-air duct and 
register should be about 0.75 times 
those of the warm-air duct and -Cool Outside Air 
register, respectively. 

Nort.—Tue ALLowaBLE AIR 
Vetocity For Forcep-pRAFT WARM- 
arr Heatine (Sec. 607) may, if the 
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Fia. 539 —Diagram of direct-indirect Fig. 540.—Showing method of direct- 
heating radiator. indirect heating. Outside air may be 
shut off by lowering window sash. 


warm-air registers are placed above the heads of the occupants, be as 
high as 10 to 12 ft. per sec. 


614. The Direct-indirect Method Of Building Warming 
(Figs. 539 and 540) provides for the circulation of either 
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inside or outside air through a radiator of the flue type. 
The radiator is connected to the outside air by a cold-air 
duct, A (Fig. 539) and to the inside air by a box base, B. 
The surface of the radiator which is exposed to the room gives 
off heat by radiation and convection just as does a direct- 
heating radiator. The cold-air which enters from the outside 
passes, by convection, up through the vertical flues, thus 
supplying heat to the room in the same manner as an indirect 
heating system. By adjustment of the dampers, D; and Dz, 
the proportionate amounts of outside and inside air which are 
circulated may be varied as desired. 

615. The Rate Of Heat Emission Of An Electric Heater 
(Fig. 494) may be computed by the following: 


(377) Q = Watts X 3.415 (B.t.u. per hr.) 


Wherein: Q = heat given off by heater, in British thermal 
units per hour. Electric heaters are, when considered upon 
the basis of the proportion of the electrical-energy input to 
the heater to its heat-energy output, 100 per cent. efficient, 
since all of the electrical energy consumed is transformed into 
heat energy. 

ExampLE.—Since the room of Fig. 497 requires 28,920 B.t.u. per hr. 
to maintain it at 70° F., the rate of electrical energy expenditure or the 


power necessary to thus maintain it at 70° F. would be—transposing 
For. (377): Watts = Q/3.415 = 28,920 + 3.415 = 8,468 watts. 


QUESTIONS ON DIVISION 17 


1. Why is artificial building warming necessary? 
2. What are the principal factors which must be considered in planning a heating 


system? 

3. Name three distinct sources of building warming. Which is the most important 
source? 

4. Name the three methods of transference whereby heat may be transmitted to a 
room. 


5. If a constant temperature is maintained within a room, to what must the rate of 
heat-supply thereto be equivalent? 
6. What is the procedure in designing a heating installation for a room or building? 
7. In what three ways is heat lost from a room or building? 
8. What factors determine the quantity of heat which is lost from a building by 
conduction? 
9. What are the usual inside-outside temperature-difference assumptions which are 
made in building-warming computations? 
10. What are the factors which determine the infiltration heat loss from a room? 
11. Explain how the direction of exposure affects the loss of heat from a building. 
What method is used to compute the heat loss due to exposure? 
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12. How many British thermal units of heat are required to raise the temperature of 
1 cu. ft. of air 1° F.? 

13. What is the rate of fresh-air supply which should be allowed for each occupant 
of a room? 

14 Derive the general formula for computing the total heat loss from a room. 

15. Derive Carpenter’s formula for heat loss. 

16. What is the maximum percentage variation which may be expected between 
results as obtained by the application of the general and Carpenter’s formula to the same 
building? 

17. What is the rate of heat supply to a building by each occupant? By each lighted 
electric lamp? By each motor? 

18. Explain the effect of humidity on the comfortableness of a room. What should 
be the relative humidity within a room? 

19. Name several ways by which moisture may be supplied to a room. 

20. What are the principal methods of warming buildings? Define each. 

21. Name the more common types of apparatus which are used for building warming. 

22. Give a graphical statement of steam and hot-water heating-plant efficiency. 

23. Give a summary of the applications, advantages and disadvantages of the various 
methods of building warming. 

24, What is the principal means by which heat is transmitted to a room by an open 
grate fireplace? By a stove? 

25. Explain by a sketch an economical method of fireproofing the adjacent surround- 
ings of a stove which is located within a wooden building. 

26. What are some of the advantages which hot-water and steam-heating systems 
have as compared to warm-air? What are some of the disadvantages? 

27. What two systems may be employed in hot-water building warming? Tor what 
condition is each system applicable? 

28, Explain with a sketch the principle of the gravity hot-water heating system. 

29. Name three methods of piping which are employed in hot-water heating. Make 
a sketch of each. 

30. Why is an expansion tank necessary in a hot-water system? Explain two methods 
of expansion tank operation and give the usual average radiator temperature employed 
with each. 

31. In what three ways may direct steam-heating systems be classified? 

32. How may the condensate be returned to the boiler? 

33. Name three methods of piping which are employed in steam heating. Make a 
sketch of each. 

34. Give the pressure-classification limits of steam-heating systems. What is the 
average steam pressure, in pounds per square inch, within direct-heating steam radiators? 

35. Define the vacuum system of steam heating. 

36. Why is it frequently economical to employ exhaust steam for building warming? 

37 Derive the formula for computing the required radiating surface for warming a 
building with direct steam or hot-water radiators. Derive the formula for the required 
grate area. 

38. Draw a sketch of and explain each of the two principal methods of indirect heating. 

39. For what condition is each method applicable? 

40. Derive the formula for computing the quantity of air required for building warm- 
ing. What is the most economical value at which to maintain the temperature of the 
air leaving hot-air register? 

41, Explain with a numerical example how a heat saving is effected by recirculation. 

42, Derive the formula for obtaining the requisite grate area for warm-air furnace 
heating 

43. Draw a sketch of, and explain the direct-indirect method of building warming. 

44. Give the formula for computing the quantity of heat emitted by an electric 
heater. 
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PROBLEMS ON DIVISION 17 


1. The living room of a residence is 14 ft. wide, by 18 ft. long, by 10 ft. high. The 
room has a southeast exposure. There is 100 sq. ft. of window surface. Assuming an 
inside-outside temperature difference of 70° F., what is the hourly heat loss from the 
room? (Use Carpenter’s formula.) 

2. What quantity of heat will be required to raise the temperature of 30,000 cu. ft. 
of air from 0° F. to 70° F.? 

3. What quantity of heat should be allowed for warming the ventilation air for 150 
people? 

4. A second-story office room is 20 ft. by 20 ft. by 10 ft. For how many persons 
would the infiltration air provide sufficient ventilation? 

5. Forty persons are working in a room of a textile mill which contains a line shaft 
to which 75 hp. is supplied. The room is lighted by sixteen 100-watt electric lamps. 
What will be the rate of heat supply to the room per hour by these factors? 

6. A warm-air-furnace heating installation has an overall efficiency of 55 per cent. 
The hourly heat loss from the building is 50,000 B.t.u. How much 11,500-B.t.u. coal 
must be burned per hour to supply this heat loss? 

7. The total heat loss from a bui ding is 158,000 B.t.u. per hr. How much steam- 
radiator surface will be required to maintain a constant temperature therein, if steam 
at a pressure of 2.5 lb. per sq. in. gage, in 4-column 44-in. radiators, is used for warming? 

8. What grate area would be required for the boiler to warm the building in Prob. 
7, if the boiler-and-grate efficiency is 69 per cent., and if 7 lb. of coal which has a heating 
value of 12,500 B.t.u. per lb. are burned per hour on each square foot? 

9. What should be the boiler-horsepower rating of the boiler to warm the building 
in Prob. 8? 

10. What volume of air will be required per hour to warm a building which has a 
total hourly heat loss of 70,000 B.t.u., if the temperatures of the air at the warm-air 
and cold-air registers are, respectively, 185° F. and 65° F.? 

11. If 20 per cent. of the air required for warming the building in Prob. 10 is recircu- 
lated, what is the ratio between the quantity of heat supplied to the warming air and 
that which is required to maintain constant room temperature? The temperature of 
the outside air is 0° F. and that of the air leaving the furnace cap is 180° F. 

12. What grate area will the warm-air furnace of Prob. 11 require if 8 lb. of 11,000- 
B.t.u. coal is to be burned per square foot of grate surface per hour? Assume a furnace 
and-grate efficiency of 65 per cent. 
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DIVISION 18 


REFRIGERATION 


616. Refrigeration Is In General The Process Of Cooling 
Bodies or, more specifically, it is the process of keeping the 
temperature below that of the atmosphere. But, since cold 
is just the absence of heat, refrigeration may be defined as the 
process of extracting heat. By this latter definition, it is 
apparent that refrigeration is not a science by itself but is 
merely a division of heat engineering. Consequently, it 
utilizes the same general laws that apply to steam engineering, 
heating and ventilating, and all the other branches of heat 
engineering. In studying the subject of refrigeration, it is 
desirable that the reader connect it with the fundamental 
principles of heat which were discussed in the preceding divi- 
sions of this book. If the subject of refrigeration is studied in 
this manner (by applying the fundamental principles of heat) 
it can be easily mastered. 


Notre.—R®&FRIGERATION Is Just Toe Reverse Process Or HEATING 
Anp Tury Bots Occur At Tur Same Timu.—The radiator (Sec. 590) 
which is at a relatively high temperature, in a room heats the room but 
at the same time the room cools or refrigerates the hot water or steam 
in the radiator. This, however, is called a heating process because the 
object of the radiator is to heat the room. Now the cooling coil in a 
cold-storage room of a refrigerating plant cools the room, but the room 
and its contents heat the fluid in the cooling coil. In this case the 
process is the reverse of that which occurs in the heating of the room by 
the radiator. It is called a refrigeration process because its object is to 
cool the room and its contents. 


617. Refrigeration Is Used In All Industries Where The 
Cooling Or Freezing Of Substances Is Desired.—It is chiefly 
used, however, for: (1) Preserving foods. (2) Providing cold 
drinks and foods. (3) Cooling air. These three uses are 
probably known to every one. It is almost universally known 
that trains are equipped with refrigerated cars (Fig. 541) for 
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the shipment of perishable foods; that ships (Fig. 542) are 
equipped in a similar manner with refrigeration plants; that 
almost every home has an ice-box (Fig. 543) for cooling drinks 
and foods; and, that in the summer time theaters (Fig. 544) 
and other large buildings are supplied with cooled air. 
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Fie. 541.—Ice-cooled refrigerator car. 


Norr.—Bzsipes Tur Asove Commoniy Known UszEs OF REFrricERa- 
gion THERE ARE Many Oruers, not so commonly known. Examples 
are: the use of refrigeration for the removal of certain paraffin products 
in the refining of oils; its use in the manufacture of photographic films; 


Cooling Coils. 


Engine Room 
ee 


Fic. 542.—Cross-section of ship equipped with refrigeration plant for the shipment of 
perishable foods. 


and its use in shaft sinking in freezing a ring of quicksand so that an 
excavation can be made through the material. These examples are 
given to show the broad application of refrigeration and how its develop- 
ment has influenced many industries. 
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Fia. 544,.—Air conditioning and cooling equipment for an auditorium. Air enters 
at F, and, in cold weather, is warmed by coils, G and A. Otherwise it only passes 
through the washer, J, and the separator baffle plates, A, in which the excess nioisture 
is removed. The air then enters the fan, B, and after leaving it, the air may follow one 
of two paths. It may either flow through the heater, D, which serves to heat the air, or 
it can flow through the cooling coils, C, which cool the air and condense the moisture in it 
and the eliminator or separator E, which removes the moisture. The mixing dampers. 
K, are used to get a proper temperature of discharged air. 
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618. All Refrigeration Processes Are But The Reverse Of 
Heating Processes And The Fundamental Requirements Of 
Both Are The Same.—Most of the fundamental principles 
given in Div. 17 relating to heating and ventilation apply, in 
general, to refrigeration. In Div. 17 on Building Warming 
it was shown that the chief requirements for a good heating 
system are: (1) A well-insulated compartment or room; the 
better the insulation the smaller the heat-generating unit required. 
(2) A furnace at a higher temperature than the room and large 
enough to produce or generate sufficient heat to compensate for 
the heat losses by conduction and infiltration. (8) A carrier or 
medium that will convey the heat from the furnace to the room 
to be heated. (4) Sufficient heating surface so that the heat 
generated in the furnace can be transferred at the desired rate 
to the heating medium. The similar chief requirements for a 
good refrigeration system are: (1) A well-insulated compart- 
ment or room; the better the insulation the smaller the heat- 
absorption unit required. (2) A substance that will absorb 
sufficient heat at or below the required temperature in the room 
to compensate for the conduction and infiltration losses. (3) 
A carrier that will convey the heat from the room to the cool- 
ing substance or medium. (4) Enough cooling surface so that 
the heat in the room can be transferred at the desired rate to the 
refrigerant. Further similarity and also the disparity of the 
heating and refrigerating processes will be discussed at various 
other places in this division. 


Nors.—By ‘‘Rerricerant” Is Mnant the working fluid that does 
the original cooling at the low temperature—at a temperature lower than 
that of the substance to be cooled. Where ice is used, the ice is called 
the refrigerant, while in vapor and gas processes the vapor or gas is 
called the refrigerant; although the condenser cooling water absorbs heat 
from the vapor or gas, it is not called the refrigerant because it absorbs 
heat at a higher temperature than that of the cooled substance. 

Nors.—A REFRIGERATOR is a box or room for keeping food or other 
articles cool. It includes a refrigerated space and the surrounding insu- 
lation walls. 


619. To Insure Maximum Economy, A Refrigerated 
Space Should Be Surrounded By Good Heat Insulation; see 
Figs. 542, 543 and other illustrations in this division. It has 
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been shown in Sec. 111 that heat will pass through—or be 
conducted by—any substance, but that some substances are 
better heat insulators—poorer conductors of heat—than other 
substances. If these insulators, some of which are relatively 
cheap, are placed around a refrigerated space, less heat will 
leak into the refrigerated space. Consequently, the amount 
of heat that must be absorbed from that space will be greatly 
decreased. In building warming, heat insulation. likewise 
reduces the amount of heat (Sec. 566) that must be furnished 
to the building. But good insulation is not such an important 
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Fra. 545.—Jackson system of cold storage. 


a factor in building warming as it is in refrigeration because 
the cost of delivering 1 B.t.u. toa building is only about 140 of 
that of abstracting 1 B.t.u. from a room or building. It is 
because of the high cost of absorbing heat that a considerable 
investment for good heat insulation is justified and economical 
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in refrigeration processes. Even small family ‘‘ice boxes” 
(Fig. 543) are well insulated. 


Nore.—Various Marrriats Have Breen Usep In ReEerricERATION 
For Heat Insuuators but the following are the more important ones 
used in cold-storage-room walls: cork, wood, paper, mineral wool, shav- 
ings, wood saw-dust, and air spaces. The cross-section of a cold-storage- 
room wall is shown in Fig. 545. If the temperatures on the two sides of 
an insulated wall are known, the rate at which heat that will pass through 
the wall may be calculated by the method given in Divs. 5 and 17 and the 
values given in Tables 125 and 567. 


620. The Many Methods By Which Refrigeration Can Be 
Accomplished May Be Divided Into Two Classes: (1) Natural 
refrigeration processes. (2) Mechanical refrigeration processes. 
Natural refrigeration processes are those in which a body is 
cooled without any mechanical work being done during the 
process. In these, the cooling is accomplished by evaporating 
or melting the refrigerant; thereby absorbing an amount of 
heat, equal to the latent heat of evaporation or melting of the 
refrigerant (Secs. 289 and 328), from the body to be cooled. 
Mechanical refrigeration processes are those processes in 
which mechanical work is done in cooling a body. These 
processes also usually cool by absorbing the latent heat of 
evaporation of the refrigerant (which is used over and over 
again) but work is done, as will be explained, in bringing the 
refrigerant back to its original state. In some of these 
mechanical processes, as for example in those employing the 
air-machine (Sec. 644), cooling is not accomplished by the 
absorption of the latent heat of a vapor but by the absorption 
of the sensible heat of a gas. 

Norr.—TueEse Two Cuasses Or REFRIGERATION Processes May Bg 
CompBinEp as when manufactured or artificial ice is used in a refrigerator. 
In this case, a mechanical refrigeration process is used to produce the ice, 
while a natural refrigeration process is used when the substances in the 
refrigerator are cooled by the ice. 


621. There Are Three Natural Refrigeration Processes: 
(1) Cooling by surface evaporation; (2) Cooling by the melting 
of solids; (3) Cooling by freezing mixtures. 

622. Natural Refrigeration By Surface Evaporation is one 
of the simplest methods of cooling a substance (Sec. 300). 


, 
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This method has been used for ages and is still used. In this 
method the surface of the vessel containing the material to be 
maintained cool, is kept wet with a thin film of water. If 
drinking water is to be kept cool, a porous vessel may be 
used through which the water seeps slowly. Then the water 
that comes through to the outer surface of the vessel evapo- 
rates, and absorbs its latent heat of vaporization from the 
vessel and the drinking water within it. In this way the 
surface of the vessel and the drinking water within are kept 
cool. Other substances may be cooled in the same manner 
by supporting them within the jar above the water. Thus the 
cooling of the water cools the other substances. In a similar 
manner, the sprinkling of hot pavements in the summer affords 
a cool feeling of relief—because of the surface evaporation 
of the water on the pavement. There are many other simple 
examples of cooling by surface evaporation, for which see Sec. 
300. This process, however, has never been utilized on a 
large scale except in power-plant cooling towers and ponds, 
Sec. 293. 


Note.—WueEn Water Evarorates From Ture Surracre Or A Vzs- 
SEL, the evaporating water does not boil but evaporates slowly at the 
wet-bulb temperature. The latent heat of vaporization which is 
absorbed will then be that which corresponds to the wet-bulb tempera- 
ture. See Secs. 296 and 313 for definitions of “boil” and “evaporate.” 

Note.—Txe Minimum TemperarurE OBTAINABLE By SURFACE 
Evaporation Is Tar Wrt-BULB-THERMOMETER TEMPERATURE, Sec. 
334. Thus, very low temperatures cannot, under ordinary conditions, be 
obtained by this method. Also since the wet-bulb-thermometer tem- 
perature depends on the humidity (Sec. 333) of the atmosphere, the low- 
est temperature obtainable will vary with the humidity. 

ExampLz.—It is desired to cool (by evaporation) water which is at a 
temperature of 60° F. by permitting it to trickle through atmospheric air. 
If the entering atmospheric air is at 70° F. and has a relative humidity 
of 40 per cent. and the leaving air is at 60° F. and 100 per cent. relative 
humidity, how much heat was absorbed by one pound of dry air and its 
vapor content? 

Sotution.—From the psychrometric chart, Fig. 323, Div. 10, the 
point of intersection between the 70° F. dry-bulb temperature line and 
the 40 per cent. relative humidity line, shows that the wet-bulb tempera- 
ture under the initial given conditions is 56° F. It has been found by 
experiment that the heat content for initial conditions—no matter what 
they are—is the same as that for the wet-bulb temperature for the 
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initial conditions. At the wet-bulb temperature the air is dry and 
saturated. Thus, the heat content for the air at initial conditions is 
the same as the heat content for dry and saturated air at the wet-bulb 
temperature. This heat content can be found from the psychrometric 
chart by following up the vertical dry temperature line, 56° F., until 
curve D is reached, then following along the horizontal line to the left and 
reading the heat content from the scale D. ‘This value is found to be 
23.5 B.t.u. In this example the wet-bulb temperature of the leaving air 
would—since the humidity is 100 per cent.—be the same as the dry-bulb 
temperature, or 60° F. The heat content of the leaving air can be 
obtained in a manner similar to that used for the initial condition. That 
is, it can be obtained by determining the heat content of dry and satu- 
rated air for the wet-bulb temperature, 60° F. This is found to be 26.0 
B.t.u. Thus, the heat which the air absorbed = 26.0 — 23.5 or 2.5 B.t.u. 
per lb. 


623. Natural Refrigeration By The Melting Of Solids Is 
The Most Common Of All Refrigerating Processes.—The 
solid which is generally used is zce. Refrigeration by the 
melting of ice was more extensively employed in the past— 
before other, better methods were developed—than it is 
at present. The melting of ice is still, however, the best 
method of cooling for small refrigerators, such as the family 
refrigerator (Fig. 543) in which food stuffs are kept cool 
during the hot summer.months. The principle underlying 
the process of refrigeration by the melting of ice—or any solid 
—is simply the fact that when a solid melts it absorbs its 
latent heat fusion (Sec. 289) from the surrounding air or 
objects. The latent heat of fusion of ice is 144 B.t.u. per lb. 
This amount of heat is, necessarily, absorbed from the sur- 
rounding substances whenever 1 lb. of ice melts (see Sec. 290). 
Since pure ice melts, under atmospheric pressure, at 32° F., 
the minimum temperature obtainable under ordinary condi- 
tions by melting ice is 32° F. 

Nors.—Icz Is Taz Mosr Conventent—Anp In Fact Tue ONty 
Usaste—Souip For Tuis Process Or Rerricreration.—While all 
solids, such as iron and lead, absorb heat when they are melted, still they 
cannot be used for cooling objects below normal atmospheric tempera- 
tures, because their melting points are too high—above average atmos- 
pheric temperature. Other solidified liquids could theoretically be 
used for refrigeration by allowing them to melt, but their melting points 


are so low (below atmospheric temperature) that they would melt during 
transportation, making them difficult to handle. Besides they would 
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be expensive. In addition, the liquid resulting from the melting, being 
more scarce, would have to be saved. Until recent years, natural ice 
was widely harvested in winter and stored for use in hot weather. Now, 
however, artificial ice (Sec. 647) is largely eliminating the necessity of 
natural-ice storage. 

Exampie.—An ice-box with an exposure or exposed surface of 40 sq. ft. 
has a leakage of 0.8 B.t.u. per sq. ft. per hr. The heat that must be 
absorbed from warm food which is placed in the box averages 60 B.t.u. 
per hour. What will be the amount of ice melted in the box in 24 hr.? 
Sotution.—Heat absorbed by ice in 24 hr. = (40 X 0.8 + 60) X 24 = 
2,208 B.t.u. Ice required = 2,208 + 144 = 15.3 1b. per 24 hr,, when 
latent heat of fusion of ice is 144 B.t.u. per lb. 


624. Air Is Generally The Heat Carrier In The Refrigera- 
tion Processes In Which The Melting Of Ice Produces The 
Cooling Effect.—In the family refrigerator or “ice box’ (Fig. 
543) and in the cold-storage room, 
cooled with ice (Fig. 546), the proc- 
ess is essentially the same. The 
ice is placed in a bunker at the 
top of the storage space. This 
bunker may either be in the form 
of a tank having one side removed 
(Fig. 546) or it may be in the 
form of a tank having three holes 
in its bottom, one at the center 
and one near each side (Fig. 545). 
Ample spaces are provided between 
the sides of the bunker and the 
sides of the room to permit the 
air to circulate freely. The floor of 
/) the bunker is made watertight and 
Fia, 546.—Ordinary system of cold jt ig heat-insulated from the storage 

storage. en ents 

space. The air in the vicinity of 
the ice is thereby cooled and creates a natural circulation of 
air, over the ice, through the ducts, and across the cold-storage 
space. The natural circulation of air in a cold storage plant 
is similar to and is governed by the same general laws as the 
natural draft in a chimney; Sec. 256. The flow of air takes 
place because of the difference in pressures due to the differ- 
ence in temperatures (densities) of the air along its path. 
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To insure maximum circulation, the temperature difference 
must be as large as possible. This is accomplished by insu- 
lating the ducts and making them as long as possible. 
The ratio of the height of the cooler to the width between 
hot and cold air ducts should be kept as great as is feasible. 


Nors.—Tse Sars Or Tue Bunker Greatty Arrects Tue AIR 
CrrcuLaATIon.—If the bunker were of the form of a tank without one side 
removed or were without holes in its bottom, the cold heavy air would sink 
to the bottom of the bunker and remain there; then there would be no 
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Fic. 547.—Dexter system of cold storage. 


circulation. If the bunker had both sides removed, the tendency 
would be for the air to flow off the ice in both directions, thereby giving 
rise to conflicting currents of air. The bunker floor should be insulated 
to prevent cooling of the air next to the bunker floor which would hinder 
circulation. Note also the construction of the ice-cooled railway car of 


Fig. 541. 
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Norr.—In Some Arrancements Tue Arr Or Tur Cooter Dozs Nor 
Come In Contacr Wirs Tur Meurine Icz. In this case, as shown in 
Fig. 547, the air is chilled by contact with the metallic walls which in 
turn are cooled by cold air passing over them. 


625. The Refrigeration Processes In Which Air Is The 
Heat Carrier Are Similar To The Process Of Heating By 
Means Of Hot Air.—In both cases, air is the heat carrier 
in which the heat is temporarily stored for transportation. 
In the warm-air heating system (Fig. 531), air is heated in the 
furnace or bunker coil and then passes through ducts by 
natural or forced draft to the registers in the rooms. In the 
rooms, as the hot air comes in contact with the cold windows, 
walls, etc., it gives up some of its heat. The now chilled air, 
because of its greater density, flows by gravity back to the 
furnace or the heater. This heating process is very similar 
to the refrigerating process described in the preceding section. 
Just as the success of the heating process depends on: (1) 
sufficient heating surface in the furnace, (2) sufficient coal 
to generate the amount of heat to be gwen to the rooms, and (3) 
proper air ducts to insure unrestricted flow of air, so likewise the 
success of the refrigerating process depends on: (1) sufficient 
cooling surface, (2) sufficient amount of refrigerant to absorb 
the heat which must be taken from the room, and (3) proper 
ducts to permit unrestricted air circulation. 

626. Temperatures Lower Than 32° F. Can Be Obtained 
With “Freezing Mixtures;” see also Sec. 287. Freezing 
mixtures, sometimes called cryogens, are solutions which 
produce a drop in temperature by certain endothermic reactions. 
An endothermic reaction (Sec. 157) is one whereby heat is 
absorbed. It has long been known that the addition of a 
foreign substance to a liquid often lowers its freezing point. 
This addition of a foreign substance to a liquid produces a 
freezing mixture. One of the most common examples is a 
mixture of salt andice. The melting point of the ice is reduced 
by the salt. Consequently, a mixture of salt and ice will 
give a lower temperature than 32° F. (see Sec. 287). Freezing 
mixtures of salt and ice are commonly used in ice-cream freez- 
ers. They have also been used in some cold-storage plants 
as shown in Fig, 548. 
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EXPLANATION.—The arrangement of Fig. 548 consists, essentially, 
of a tank, 7, for holding the freezing mixture, and a continuous pipe 
circuit, P, partly located in the ice compartment and partly in the cold- 
storage compartment, C. The pipe is filled with brine—a mixture 
of salt and water—which is the heat carrier and which conveys the 
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Fia. 548.—Cooper gravity brine-circulating system. 


abstracted heat from the cold-storage compartment to the freezing, 
mixture, where the heat is absorbed from the brine. There is a natural 
circulation of the brine in the pipe, because of the difference in density 
caused by the difference in temperature, similar to that of the air in 
Figs. 545, 546 and 547. This process has seldom been used because of 
expense, dirt, and icing troubles. It has all the disadvantages of the 
previously described processes, except that a lower temperature is 
obtainable. 

Norre.—Tuis Is An Inpirect System Anp Ir Is Simmnar To THE 
Hor-warer System of building warming. The freezing mixture in 
Fig. 548 cools the brine which in turn cools the cold-storage room, while 
in the hot-water heating system the furnace heats the water which in turn 
heats the room. Both systems convey the heat by means of the natural 
circulation of aliquid. In both systems, the heat transmitting surfaces— 
the cooling coils of the refrigerating system, one in the freezing mixture 
compartment and one in the cold-storage room, and the heating surfaces 
of the heating system, one in the furnace and the other in the radiator— 
must be of the proper size and shape to insure successful operation. In 
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the refrigeration system, the cooling coil should be placed in the warmest 
part of the cold-storage room which is near the doors and ceiling, instead 
of in the coldest part as is the radiator in the heating system. 


627. Mechanical Refrigerating Processes Are Of Two 
Principal Types. (1) Vapor processes. (2) Gas processes. 
Each is further discussed hereinafter. In these processes, by 
utilizing machines, heat may be caused, by virtue of mechani- 
cal energy expended, to flow from a body of low temperature 
(the refrigerated space) to a body of higher temperature 
(generally the coldest available natural steam of water). Note 
that as stated by the Second Law Of Thermodynamics (Sec. 
84) “Heat will not flow of itself from a cool to a hotter body. 
“A refrigerating machine” and “a refrigerating-machine 
cycle” are defined in Sec. 403. 


Nore.—MercuanicaL RerrigeRATION Macuinrs Arr SomETIMES 
Cautiep “Heat Pumps” because by virtue of the mechanical energy— 
supplied by some outside force—which is expended in them, they force 
heat to flow from a cool to a hotter body. This idea of “pumping heat”’ 
from a low to a high level (temperature) may prove valuable. 


628. Vapor Refrigerating Processes are those wherein the 
working substance (refrigerant) passes alternately through 
its liquid and vapor states. In these processes, a substance is 
used for the refrigerant which, 
pat when in its liquid state, will boil 

(Fig. 549) readily at a tempera- 
ture below that desired in the 
space to be cooled. In thus 
boiling and changing to its vapor 
condition, the substance absorbs 
its latent heat of vaporization 
from the space which is to be 
cooled. So that the substance 
Sherer CRUE | «can be again used, it must be 

Fia. 549.—The elements of a direct- restored to its initial or liquid 
expansion ammonia-vapor refrigerating state by the expenditure of 
system: mechanical work on and by 
cooling it. This process is further explained hereinafter. The 
vapor refrigerating machine cycle is explained in Sec. 433. 
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629. Gas Refrigerating Processes are those wherein the 
working substance or refrigerant (usually air) remains in the 
gaseous state throughout the entire cycle of changes which 
it is made to undergo. In these processes of refrigeration, the 
gas is first cooled below the temperature desired in the space 
which isto be cooled. The gas is thus initially cooled by allow- 
ing it to do work by expansion. The now cool gas is then 
permitted to absorb heat from the refrigerated space. To 
restore the heated gas to its original cool condition, mechanical 
work must be done on it, as is explained in Sec. 644. 

630. The Vapor Refrigerating Apparatus Is Similar To A 
Steam Boiler (see Fig. 550).—Both operate on the principle 
that heat is required to vaporize liquids. A simple arrange- 
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Fie, 550.—Showing similarity between a steam boiler and an ammonia expansion coil 
which is in reality an ‘‘ammonia boiler.” 


ment for the generation of steam is to allow water to flow 
through a coil located in a furnace. As the water is at a lower 
temperature than the furnace gases, it will absorb heat there- 
from and its temperature will increase. Also, since water 
boils at a lower temperature than that of the furnace gases, it 
will, when it reaches its boiling temperature, vaporize into 
steam. To effect this vaporization, heat is absorbed by the 
water from the furnace gases. Each pound of steam will 
abstract from the furnace an amount of heat equal to its latent 
heat of vaporization at the boiling pressure and in addition 
the heat required to raise the temperature of the water to that 
at which it boils (see Sec. 365). The process would (if fuel 
were not continually added to the furnace) continue until the 
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furnace temperature was reduced to that of the boiling water 
and steam. 

631. While The Above Process Is Called A Heating Process, 
Because Its Object Is The Vaporization Of The Water, It 
Could Be Called A Refrigeration Process If The Object Were 
To Cool The Furnace Gases.—In practical refrigeration, 
temperatures below that of the atmosphere are desired. 
As water under the normal pressure—atmospheric and greater 
—boils at a higher temperature than that of the atmosphere 
and as heat will not of itself flow from a lower to a higher 
temperature, the above process must be modified if it is to be 
employed in practical refrigeration—to cool objects below 
atmospheric temperatures. A suitable modification can be 
effected in one of the following two ways: (1) By using aliquid that 
will boil under normal pressures at a temperature below that of the 
atmosphere, as is explained in the sections which immediately 
follow. (2) By reducing the pressure on the water and thereby 
lowering tts boiling temperature, as is explained in Sec. 640. 

632. Substances Which, In The Liquid State, Have A Low 
Boiling Temperature Under Ordinary Pressures Are Generally 
Used As The Refrigerant In Vapor Refrigeration Processes. 
A substance which, in the liquid state, has a comparatively 
low boiling temperature (such as ammonia which boils under 
atmospheric pressure at —28.2° F.) will boil (Fig. 549) in an 
open container, that is, under atmospheric pressure, at room 
temperatures. Since the boiling temperature of a liquid 
increases with the pressure, these liquids can be preserved 
and shipped in the liquid state by keeping them in steel drums 
or tanks under pressures high enough to prevent vaporization 
at ordinary temperatures. When a cooling effect is desired, 
such a liquid can be allowed to escape from the tank, under high 
pressure, into the low atmospheric pressure. Under atmos- 
pheric pressure, the liquid will boil and vaporize and absorb 
its latent heat of vaporization from its surroundings. 


EXPLANATION.—Suppose that in the arrangement shown in Fig. 551, 
such a liquefied substance, for example ammonia, is allowed to flow from 
the tank where it is kept under high pressure, through the regulating 
valve V. It will then enter the expansion coil, C’, which being open to 
the atmosphere, will then have in it a pressure equal to or somewhat 
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greater than atmospheric. Since ammonia under atmospheric pressure 
boils at —28.2° F., it will boil in coils, C, and absorb heat from the room 
R, and vaporize into ammonia vapor. Each pound of liquid which 
vaporizes will absorb from the room an amount of heat equal to the 
difference between the total heat of the vapor at the boiling pressure and 
the total heat of the liquid at its temperature in the tank. 

If sufficient ammonia were allowed to flow through the coil, the tem- 
perature of the room could be reduced to almost that (—28.2° F.) of the 
boiling ammonia. Some temperature 
difference would be required to cause ee Prum OF Liquid 
the heat to flow to the ammonia. ¥ ek Eee fs 
The regulation valve, V—sometimes x 
called the expansion valve—is used to 
regulate the flow of the liquid so 
vaporization takes place at such a 
rate that the desired low temperature 
will be maintainedinthe room. After 
vaporization, the ammonia vapor will 
exhaust into the atmosphere at A 
and be lost. Since ammonia and the 
other liquids which have low boiling 
points are very expensive, such a 
process would be too costly to be used 
commercially. If the vapor process 
is to be utilized commercially, some = yg. 551,—Simple form of vapor 
method must be devised whereby the refrigeration plant. 
vapor can be used repeatedly, without 
discarding it into the atmosphere. This can be accomplished only by 
restoring the vapor to its original condition—that is liquefying it—by 
some means of extracting heat from it; see following sections. 

Exampire.—Assuming that 7,500 B.t.u. must be absorbed from a room 
per hour, how many pounds of anhydrous ammonia at a temperature of 
95° F. must be vaporized, at a pressure of 23.3 lb. per sq. in. abs., each 
hour to abstract this 7,500 B.t.u. perhr? Soxtution.—The heat absorbed 
by 1 Ib. of anhydrous ammonia is equal to the difference between the 
total heat of the saturated vapor at 23.3 Ib. per sq. in. abs. and the heat 
of the liquid at 95° F. From Table 400, Div. 11, the total heat of 
saturated ammonia vapor at 23.3 Ib. per sq. in. abs. is found to be 535.7 
B.t.u. per lb. The heat of the liquid ammonia at 95° F. is also found to 
be 71.3 B.t.u. perlb. Then, the heat absorbed by 1 lb. of ammonia = 535.7 
— 71,3 = 464.4 B.t.u. Hence, the amount of ammonia which must be 
vaporized per hour = 7,500 + (heat absorbed by 1 1b. of ammonia) = 
7,500 + 464.4 = 16.15 lb. per hr. 

Notr.—Tue Susstances PrincipaLty Usep In CommmrciaL VAPOR 
Rerricerating Macurnes Arse Ammonia, SutpHur Dioxipr, AND 
Carson Droxipe (see Sec. 398). Other substances could be used but 
they are not as economical or as desirable. The boiling temperature 
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of a suitable substance under normal pressures should lie within certain 
limits (see Fig. 552). If the boiling temperature is too low under ordinary 
pressure (as with liquid air, for example), excessive pressures would 
be necessary to preserve the liquid in the drum in the liquid state. 
Vapors which would require these high pressures would be difficult to 
liquefy and, when liquefied, would necessitate very strong storage 
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Fie. 552.—Graphs showing variation of boiling temperatures with pressures of 
various substances used in mechanical refrigerating processes. Note the curve for water 
is so close to the base line that it has been omitted, the pressure being only 3 lb. per 
sq. in. abs. at 141° I, 


receptacles. Other factors which determine the suitability of a liquid 
are its specific volume, its cost, and the effect of its fumes upon the human 
health. Ammonia is probably the most widely used because it in vapor- 
izing affords reasonably low temperatures without maintaining a vacuum 
in the cooling coils (C, Fig. 551) and it can be restored easily to its initial 
condition—condensed with relatively warm water when compressed to 
only moderately high pressures. Sulphur dioxide condenses at even lower 
pressures, with relatively warm condensing water, than does ammonia 
but for low temperatures it must be evaporated in a partial vacuum. 
It is used to advantage in the tropics. Carbon dioxide is well adapted 
for very low-temperature refrigeration, but it must be worked at very 
high pressures and requires cool condensing water for high efficiency. 


633. Before The Vaporized Liquid In A Mechanical Refrig- 
eration Process Can Be Used Over Again (Made To Re-absorb 
Its Latent Heat) It Must Be Restored To Its Initial Liquid Con- 
dition. The action of the refrigerant vapor in absorbing heat 
(as in C, Fig. 551) is similar to the action of a sponge absorbing 
water. After the refrigerant (such as ammonia), has absorbed 
heat and vaporized it isin a position corresponding to the sponge 
partly filled with water. In order that the sponge be restored 
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to its original condition, the water absorbed must be squeezed 
out, by a pressure of the hand. Likewise in order that the 
vapor be restored to its original liquid condition, the heat it 
has absorbed from the refrigerated objects must be driven out, 
or extracted in some manner. 

634. This Extraction Of Heat Can Be Effected By One 
Of Two Processes: (1) The compression process. (2) The 
absorption process. In the compression process of mechanical 
refrigeration, the heated vapor is first compressed and then 
condensed by cooling it with air or water. The compressor 
(R, Fig. 553) does work on the vapor and increases the pressure 
upon it, thereby making it possible to liquefy it with relatively 
warm cooling water. The pressure thus produced must be 
sufficiently great that the boiling point of the substance under 
that pressure is greater than the temperature of the cooling 
water; if the pressure were lower the vapor could not be lique- 
fied. In the absorption process of mechanical refrigeration 
(Sec. 637) the vapor is first absorbed by water, which will 
absorb 800 to 1,000 times its own volume of ammonia vapor 
under atmospheric pressure. The solution of ammonia is then 
heated, causing some of the ammonia to be vaporized at a 
high pressure, and the vapor is then liquefied by cooling it 
with water. 

635. The Essential Parts Of A Vapor Compression Process 
Are (see Figs. 553 and 554): (1) An expansion coil, V. 
(2) A compressor, R. (3) A condenser, C, see Figs. 555, 556, 
557 and 558. (4) An expansion valve, E, see Fig. 559. (5) 
A liquid receiver, L. (6) A vapor refrigerant, ammonia in Fig. 
553. (7) A cooling medium, cooling water in Fig. 553. Thus 
the essential parts of a vapor compression process and their 
relation to each other are shown in Fig. 553. This system is 
the same as the elementary apparatus shown in Fig. 551 with 
the addition of the compressor and the condenser. The 
function of these two parts is, as hereinbefore explained, to 
restore the vapor to its initial liquid condition. 


Expianation.—The path of the refrigerant, shown in Fig. 553 by the 
arrows, from the liquid receiver, L, through the expansion coils, V, and 
the operations that occur therein, are the same as those in the elementary 
system shown in Fig. 551. After leaving the expansion coils, the vapor, 
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enters the compressor, C’, in which it is compressed to such a pressure, 
that it may be liquefied with the cooling water of the temperature which 
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Fira, 553.—A typical small compression vapor installation. The condenser, C, 
called a double pipe condenser, consists of two concentric pipes. The cooling water 
flows through the inner pipe and the ammonia flows between the two pipes as shown in 
Fig. 557, (The Vilter Manufacturing Co.) 


is available. From the compressor, the vapor passes through an oil 
separator, O, which separates the oil from it and then to the condenser, 
several types are shown Figs. 555, 556 and 558. While the separator 
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Fig. 554.—Circuit of direct-expansion compression refrigeration system. See Fig. 
569 in regard to temperatures and pressures. 
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Fia. 555.—Cross-section of a submerged condenser. The vapor enters at I, passes 
through the header, H, and the coil, C, where it is liquefied. It then flows through the 
lower header, L, the stop valve, V, and out through, O. The cooling water enters at E 
and overflows at F. The same apparatus may be used as a brine cooler, if desired. 


2 Cooling Water 


Fra. 556.—Section of atmospheric condenser. The ammonia vapor to be condensed 
flows through the coil, C, either upward from the bottom to the top or downward from 
the top to the bottom. The cool water flows from the trough, T, through small holes in 
its bottom, over the coils, C thereby condensing the ammonia vapor. The falling 
water is caught in pans at the bottom of coil. 
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Fre. 558,.—A double-pipe condenser Fig, 559.—Rising-stem-type ammonia 
or brine cooler. Arrows show direction of expansion valve. (Crane Co.) 
flow of water and of ammonia when used 
as a condenser. See lig, 557 for detail. 
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is not essential, it is desirable as it prevents oil (which is used in lubri- 
cating the compressor cylinder) from getting in the condenser coils and 
increasing the heat transmission resistance thereof. In flowing through 
the condenser the vapor, being under high pressure, is condensed to the 
liquid state by the cooling water. The now liquefied vapor then flows 
into the liquid receiver, L, completing its cycle. The pressure upon the 
liquid in the receiver is, neglecting the drop through the pipes, the same 
as that on the vapor in the condenser. 


636. The Function Of 
The Compressor In The 
Vapor Compression System 
(R, Fig. 553 and Figs. 560 
and 561) is to remove the 
vapor as promptly as it is 
formed and then compress 


it to a pressure sufficiently GELB 


high so that the vapor can 
be condensed by the cool- 
ing water or air at hand. 
As stated in Sec. 426 a 
compressor is an essential 
part of every refrigerating 
machine. To condense a 
vapor, heat must be ex- 
tracted from it. Since 
heat of itself always flows 
from a higher to a lower 
temperature, this heat can 
be extracted only by allow- 
ing it to flow from the 
vapor to a colder sub- 
stance. Intherefrigeration 
process, the boiling (or 
liquefaction) temperature 
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Fie. 560.—Section of York ammonia-com- 
pressor cylinder. The suction valve, S, is 
practically balanced, the spring tending to hold 
it open and the dash pot tending to close the 
valve. 


of the vapor at the pressure in the expansion coil is below 
that of any available cooling medium. Hence, work must be 
done upon the vapor and its temperature of boiling increased 
so that it can be condensed by the available cooling medium. 
The compressor may be driven by a steam engine, electri 
motor or a water wheel—whichever is the most economical. 
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EXPLANATION.—Suppose it is desired to cool a room with a vapor 
refrigeration system to 10° F., then the ammonia must be allowed to 
boil (vaporize) at some temperature below this (a temperature difference 
or thermal pressure is necessary to effect a heat flow, Sec. 84), such as 
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Fia. 561.—Vertical, double-cylinder steam-engine-driven ammonia compressor. 


0° F. Now the coldest available cooling medium, is say a stream of 
water at 60° F. It is evident that this water will not absorb heat from 
the vapor unless the temperature of the water is less than that of the 
vapor. Now, by means of a compressor, work may be done on the vapor 
and the temperature and pressure of the vapor may be thereby increased. 
If the compression of the vapor is carried sufficiently far—to about 130 
Ib. per sq. in. abs. for the ammonia of this example—the vapor will then 
be in such a condition that it can be condensed by the available cooling 
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water. For, at 130 lb. per sq. in. abs. the boiling (condensing) point of 
ammonia is about 70° F. Thus the compressed ammonia can, by water 
at 60° F., easily be cooled (to 70° F.) and condensed. The condensed 
ammonia may now be permitted to flow to the receiver where the pressure 
would, neglecting losses, also be 130 lb. per sq. in. abs. 

Norrt.—No Comrrressor Woutp Br Negpep Ir the cooling water 
were colder than the vapor refrigerant coming from the expansion coil. 
The vapor could then be cooled directly by the water, as in steam power 
and steam-heating plants. However, in such a case, the cold water could 
be used directly as the cooling agent and no vapor refrigerant would be 
necessary. 


637. The Absorption Vapor Process Differs From The Com- 
pression Vapor Process only in the manner of restoring the 
vapor to its initial liquid condition. In the compression proc- 
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Fre. 562.—An elementary ammonia absorption refrigerating machine. 


ess the pressure ie vapor and also its temperature are 
increased by mean 3 a compressor. In the absorption proc- 
ess this pressure increase is accomplished by allowing the. 
ammonia vapor to be absorbed by water and then driving the 
ammonia vapor from the water at the required pressure by 
partial distillation. 

EXpLANATION.—From the diagram of an elementary absorption 
process, Fig. 562, it can be seen that the process is the same as the 
compression process with the exception that the compressor is replaced 


by an absorber, A, ammonia pump, P, and a generator, G. Since the 
compression system has been described in detail it will be necessary to 
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trace the working medium (ammonia) through only that part of the 
cycle between the expansion coils and the condenser. The cold ammonia 
vapor leaving the expansion coils, V, enters the absorber, A, which 
contains a relatively cold weak ammonia solution, called weak aqua 
ammonia. Since cold water has a great affinity for ammonia vapor, the 
ammonia vapor is absorbed and a strong aqua ammonia (solution) 
results. Heat is generated in this process of solution and must be 
removed by cooling water to prevent high temperatures. High tem- 
peratures hinder the absorption process, as the power of the water to 
absorb ammonia vapor decreases as the temperature increases. 

The resulting strong aqua ammonia is pumped by an ammonia pump, 
P, to the generator or still, G. The liquid and vapor in G are at a rela- 
tively high pressure, hence P does mechanical work to pump the liquid 
into it. Here the solution is heated by a series of steam coils with either 
high- or low-pressure steam. Since the amount of ammonia that the 
water can hold decreases as the temperature and corresponding pressure 
are increased, some of the ammonia is vaporized in G during this heating 
process. This ammonia vapor must be generated at such a rate that the 
pressure in the condenser, C, will be sufficiently high to insure that 
the vapor will be liquefied by the cooling water which is available. The 
remaining weak aqua is returned to the absorber. In the commercial 
process a number of refinements are added to this elementary process for 
increasing its economy. Energy is added to the refrigerant by P and 
by the heat supplied in G. These energy additions provide the “heat 
pump” (Sec. 627). 


638. A Commercial Vapor-absorption Refrigerating Installa- 
tion is diagrammatically shown in Fig. 563. The apparatus 
is essentially the same as that of Fig. 562 with the addition of 
three elements: a rectifier, R, a weak-liquid cooler, W, and an 
exchanger, EH, (sometimes called interchanger). These pieces 
of apparatus are added to conserve heat. Each interchanges 
heat between a hot substance which is to be cooled and a cold 
substance which is either to be heated or rejected from the 
system. The additional apparatus performs a two-fold func- 
tion: (1) It decreases the amount of heat that must be fur- 
nished by the steam coils of the generator. (2) It decreases 
the quantity of heat that must be carried away by the cooling 
water. 


ExpLanation.—In Fig. 562, the weak liquid leaves G at high tem- 
perature and enters A where its temperature should be low, and the 
strong liquid leaves A at low temperature and enters G where its tem- 
perature should be high. Evidently, the stéam coil in G must supply 
much heat and the coil in A must extract much heat. It would seem 
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desirable to utilize the cold liquid passing from A to G for cooling the hot 
liquid passing from G to A meanwhile heating the liquid which does the 
cooling. This is exactly what is accomplished by the exchanger, £, 
Fig. 563. It is simply a double-tube coil (Fig. 557) through which the 
strong and weak liquids pass in opposite directions and interchange heat. 
Because of the counter currents, a very effective heating and cooling is 
accomplished. 
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Fie. 563.—Diagram of absorption refrigerating machine. This is an indirect system, 
the expansion coil being located in the brine cooler, cools the brine which is circulated 
through coils in the room to be cooled. (Henry Vogt Machine Co.) 


In Fig. 562, the vapor leaving G will, because of the fractional dis- 
tillation process (Sec. 346), be a mixture of ammonia and water vapors. 
If the water vapor were not separated from the ammonia vapor, the water 
vapor would enter the vaporizer or refrigerating coils and at the low 
temperature of these coils it would freeze and clog the coils. To obviate 
this trouble, the cold strong liquid from the absorber is in Fig. 563 
passed through the rectifier, R, on its way to the exchanger, H. The 
rectifier, R, is essentially a small surface condenser (Sec. 514). It cools 
. the ammonia and water vapors which pass through it on their way to the 
condenser, C, and serves to condense nearly all of the water vapor. 
This vapor is condensed as a strong solution of ammonia, is separated 
from the remaining vapors by the separator, S, and flows, by gravity, to 
the generator. Thus the rectifier aids the condenser in its duties of 
cooling the vapor and simultaneously aids the exchanger in heating the 
cold strong liquor. 

Now, because the cold strong liquor is heated somewhat by the vapors 
in the rectifier, it is not capable of extracting as much heat in H from the 
hot weak liquor as would be desirable. Furthermore, since the vapors 
must be cooled in C to quite a low temperature, the cooling water cannot 
be heated through a very great temperature range in passing through C. 
The temperature of the water leaving C is sufficiently low that it may be 
used to absorb heat from A. In A, the water temperature is again 
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only slightly increased—the water leaving A at a lower temperature 
than that of the liquid in A. Hence, this water is still colder than the 
weak liquor leaving # and may be used to advantage in cooling the weak 
liquor before it is permitted to enter A. This last effect is that accom- 
plished by the weak-liquor cooler, W, Fig. 563. 

Sometimes a piece of apparatus which is not shown in Fig. 563 is also 
used. It is called an analyzer. An analyzer is simply an arrangement, 
usually built on top of the generator, whereby the strong liquid which 
comes from the exchanger is made to fall, in a spray or sheet, through the 
ascending vapors from the generator. It serves to cool the ascending 
vapors somewhat and perhaps to hasten the release of ammonia vapor from 
the incoming strong liquid. Thus, it also serves to conserve heat energy. 


639. The Relative Merits Of The Absorption And Compres- 
sion Processes may be summarized as follows: The absorp- 
tion process is the more economical where exhaust steam is 
available, where low temperatures (below 0° F.) and small 
units (up to about 225 tons) are required, but for all other 
conditions the compression process is the more economical. 
In an absorption system the use of high-pressure steam in the 
generator coils is ordinarily uneconomical because the same 
result can, generally, be obtained much more economically 
by the use of low-pressure (exhaust) steam, or by the use of a 
steam-driven compressor (compression method). Likewise, 
if only enough exhaust steam is available for the necessary 
building heating or other purposes about the plant, the 
compression method is the more economical. Combined 
plants have been installed in which the exhaust steam from 
steam-driven compressors is used to operate the absorption 
apparatus. The absorption process is well adapted for small 
units when low-temperature (below 0° F.) refrigeration is 
desired as it can provide low temperatures with almost the 
same power consumption as it can high temperatures. The 
compression process, however, gives maximum economy with 
high suction pressures (temperatures). The reason for this is 
that at low pressures, the specific volume of vapor becomes 
very great and for handling large volumes of vapor the com- 
pressor cylinders must be correspondingly large; thus, the 
compressor consumes much mechanical energy. If an ordi- 
nary compressor is used its capacity is greatly decreased. 
But in the larger units (above 225 tons), the compression 
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system becomes more efficient because of the greater effi- 
ciency of the larger steam engine. An absorption machine of 
a capacity of 50 to 100 tons, operating under best conditions, 
with a temperature. in the refrigerator of not more than 0° F. 
gives an economy equal to that of a compression machine also 
operating under favorable conditions. 
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Fia. 564.—Westinghouse-Leblane water-vapor refrigerating machine. The warm 
brine is contained in the brine tank, 7. Atmospheric pressure on the tank, .7, forces 
the brine to the evaporator, EZ, where because of the low pressure some of the water is 
vaporized thereby cooling the remaining brine in Z. The cold brine is then forced by 
brine pump, B, through the refrigeration coils, to the tank, 7. The high vacuum, in EZ, 
is maintained by the ejector, J, and the surface condenser, C. 

Nore.—Wuere Evecrric Enrray Is AvartaBLe AT Low RateEs, 
Tur Compression Process Is Taz Mosr Economicau. In refrigera- 
tion systems where constant temperatures are desired, direct-current 
motors are often desirable for compressor drive on account of their speed 
controlling features. In ice-making plants, alternating-current motors 
are satisfactory as these plants can be run at full speed while in operation. 


640. Refrigeration May Be Accomplished By The Vaporiza- 
tion Of Water At A Low Pressure. As stated in Sec. 317, 
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the temperature at which water—or any liquid—boils depends 
directly on the pressure exerted upon the liquid. If the pres- 
sure is lowered sufficiently, water will boil at 32° F. Thus, 
refrigeration could be effected by using water in the arrange- 
ment shown in Fig. 551 provided a high vacuum could be 
maintained in the expansion coil, by some sort of apparatus 
located at the exhaust end, A. However, ifa piston compressor 
were used for maintaining a vacuum at A, its piston displace- 
ment per pound of vapor would be absurdly great because 
of the large specific volume of steam at such low pressures. 
This difficulty has been overcome in the Westinghouse-Leblanc 
water-vapor refrigerating machine (Fig. 564) by using a steam- 
jet compressor, J, for compressing the water vapor instead 
of using a reciprocating compressor. 

EXpLANATION.—The ejector compressor, J, readily handles large 
volumes of water vapor. This machine is in its experimental stage and 
at present is used chiefly in marine work. It is believed however that its 
use will become more widespread. While temperatures below 32° F. 
can be obtained with this machine, its best economy is for temperatures 
between 35° and 50° F. It is well adapted to cooling the air in theatres 
and other large buildings. 
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Fie 565.—Diagram of asulphuric-acid vacuum machine. The air-pump, A, produces 
@ vacuum in tank, H, causing some of the water liquid in E to evaporate. Sulphuric 
acid contained in C, flows down in the form of a spray into B. Since the acid has a 
great affinity for water the acid rapidly absorbs the vapor liberated from the liquid in Z. 
The dilute acid flows through the pipes to the receiver, R. When Ris filled, the valve, V, 
is opened and the dilute acid flows to the reconcentrator, D, where the water is evapo- 
rated from the solution by the steam coil, S. Pump, P, pumps the acid up to the tank, C. 
The brine solution is forced through the coil, F, and through the nozzle, N, by the cen- 
trifugal pump, H. 


641. The Sulphuric Acid Refrigerating Machine, an arrange- 


ment similar to that of Fig. 565, was at one time used in the 
past. In this arrangement, sulphuric acid, because of its 
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affinity for water, was used to remove the water vapor and 
produce the lower pressure in the evaporator. But the cost 
of operation was excessive due to the large amount of liquid 
pumped and the heat required to concentrate the acid. 

Note.—In Tur CommercitaL WaTER-vAPoR REFRIGERATING Ma- 
cHINES THe Water Evaporatinc, Coors A Brine SotuTion WHICH 
In Turn Coots Tur Room. This is done for several reasons: (1) It 
would be next to impossible to carry a high vacuum throughout the 
long cooling coil. (2) The water would tend to freeze if a temperature 
near 32° F. were reached. By evaporating part of the water from a brine 
solution in an evaporator—tank—the remaining solution may be cooled 
and then circulated under atmospheric pressure through the coils in the 
room to be cooled. 

642. For Economical Operation Of The Vapor-refrigeration 
Processes All The Component Units Should Be Of Proper Size 
In Relation To One Another. In this respect they are similar 
to the units of steam power plant processes. In the steam 
power plant, for a certain output, a definite size boiler, engine 
and condenser are necessary. For best efficiency, these must 
be operated in such a manner that the boiler and condenser 
pressures are maintained at the values for which the engine 
was designed. To accomplish this the boiler must generate 
steam and the condenser must condense steam at the same 
rate that the engine uses it. The same principles must be 
observed in the refrigeration plant. For a certain output or 
capacity a definite size expansion coil, compressor—or absorp- 
tion machine—and condenser are necessary. 

643. For The Best Efficiency The Plant Must Be Operated 
In Such A Manner That The Proper Pressures Are Main- 
tained in the evaporating coils and condenser. This is more 
important in refrigeration than in steam-power practice. The 
pressure in the expansion coils must be low enough so that the 
corresponding boiling temperature of the liquid refrigerant 
is below the temperature required in the cooled room. The 
pressure in the condenser must be high enough so that the 
corresponding liquefaction temperature of the refrigerant vapor 
will be higher than that of the circulating water. But the 
difference between the pressure in the condenser and that in 
the expansion coil must be kept as small as possible. The 
greater this pressure difference, the more work must be done 
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by the compressor to bring the vapor from the one pressure 
to the other. In a steam engine more work is obtained in 
working through a greater pressure range, so in a compressor 
more work must be done in compressing through a greater 
pressure range. Also, in the absorption process more steam is 
used in heating to a higher pressure. In the compression 
process, the pressures in the expansion coil and condenser are 
regulated by the expansion valve and the compressor. In the 
absorption process these pressures are regulated by the steam 
flow to and the steam pressure in the generator coils, the 
concentration of the weak and strong aqua and by the speed 
of the aqua pump. 


Nore.—Many Or Tus Same Dirricuutizs Toat Arr ENCOUNTERED 
In Steam Power Puants Are Auso ENCOUNTERED IN REFRIGERATION 
Piants.—Expansion coils like boiler tubes must be kept clean to insure 
maximum heat transmission. Likewise, foreign (non-condensibie) gases 
in the refrigerant increase the condenser pressure in refrigeration proc- 
esses just as they do in steam condensers. In refrigeration condensers 
the non-condensible gases are taken out at intervals, instead of continu- 
ously by a pump as they are insteam-power-plant practice. Inrefrigera- 
tion plants, the effect of these troubles is, ordinarily, even more 
noticeable than in steam power plants. 


644. Cooling By The Expansion Of Compressed Air Is 
One Of The Oldest Methods Of Mechanical Refrigeration. 
The “heat pumps”’ used are called air refrigerating machines, 
or cold air refrigerating machines. One type is called the 
Allen dense-air refrigerating machine. The cycle of an air 
refrigerating machine is explained in Sec. 432 and Fig. 384 
shows a diagram. 


EXPLANATION.—The process is essentially as follows (see Fig. 566 and 
384). Air is compressed in C (Fig. 566) to a high pressure. The heat 
which is imparted to the air by the compression is then removed by pass- 
ing the compressed air, at constant pressure, through a cooling coil, D, 
which is surrounded by circulating water. The cooled compressed air 
is then admitted into an air-engine cylinder, Z, where it is allowed to 
expand and do work. This expansion of the air causes a reduction in 
its temperature, due to the work being done at the expense of the internal 
energy (see Sec. 272). This cold expanded air is then discharged from R 
into the refrigerated room. Or it is passed from R through coils in the 
room to be cooled or it may be passed through cuils immersed in a liquid, 
which in turn cools the room, The air from the refrigerated room or the 
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coils, after there absorbing heat, again enters the compressor from F and 
the cycle is repeated. ‘The work done by the air during the expansion 
in the air-engine cylinder, H, is transmitted through the main crank- 
shaft, S, to the compressor cylinder, C. Thus the work done in steam 
cylinder, L, must be approximately only the difference between the work 
done by the compressor, C’, and that obtained in the air-engine cylinder, 
E, plus the frictional losses. 
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Fie. 566.—General arrangement of cold-air refrigerating machine. 


Nore.—GENERALLY, Toe Same Arr Is ContTINUALLY RECIRCULATED 
through coils to prevent the entrance of moisture into the system and the 
possible freezing of the moisture at the cold part of the cycle. Recir- 
culation of the air also tends to increase the efficiency of the system. 

Note.—Tuis Mrrsop Or Coote Is Nor So Erricient As THE 
Ornrer Meruops now in use. It also requires a much larger compressor 
than the vapor processes because of the low specific heat of air While 
this process has the above disadvantages, it is used to some extent aboard 
vessels due to the absence of any dangerous gas which may be injurious 
to the passengers and the food. 


645. The Methods Of Calculating For Air Refrigerating 
Machines The Rise In Temperature During Compression 
And The Fall In Temperature During Expansion (assuming 
adiabatic changes in both the compression and the expan- 


sion, which is practically the case) are given in Sec. 275. 
40 
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ExampLe.—In a certain air-compression system it is found that the 
air entering the compressor has a temperature of 60° F., the admission 
pressure is 50 lb. per sq. in. abs., and the air is compressed to a pressure 
of 175 lb. per sq. in. abs. Assuming adiabatic compression and dry air 
what will be the temperature of the compressed air? Sotution.—For 
polytropic changes, Sec. 275, the relation between temperatures and 


avi 


pressures is expressed by For. (236), T: = 7,(P2/P:)" . Wherein: 


T, and T, = initial and final temperatures respectively in degrees Fahren- 

heit, absolute. P: and P, = initial and final pressures respectively in 

pounds per square inch absolute. For adiabatic changes, n = k = 1.4. 
1-4-1 

Hence, substituting, T, = (460 + 60) (175/50) ** = 520 (3.5)°? = 

520 X 1.428 = 743° F. abs. or 288° F. 

Examp.e.—lIf the compressed air with a temperature of 283° F. as 
shown in the preceding example be cooled by circulating water to a 
temperature of 100° F. and then allowed to expand to the original pres- 
sure, what would be the final temperature? SoLutrion.—Substituting 


in For. (236), T2 = T:(P2/P,), ° the following is obtained, T, = (100 
1.4—1 

+ 460)(50/175) ** = 560 x 0.286°7* = 560 X 0.7 = 394° F. abs. or 

—66° F. 


646. The Indirect Method Of Refrigeration is often used 
(Figs. 567, 568, 569 and 570). In the preceding sections of 
' this division, only the direct- 

Pe on expansion method of refrigera- 
—— «| tion has been treated. In the 
‘|  direct-expansion method (Fig. 
554) the expansion coils are 
placed in the room or substance 
to be cooled and the heat flows 
directly from the room or sub- 
stance to be cooled to the re- 
: Kk) frigerant. In the brine indirect 
eernearennaneenertet x method, Fig. 569, the expansion 
Fia. 567.—The elements of anindirect coils are used to cool a brine 
Dre ree a solution, and the cooled brine is 
pumped through coils or tanks located in the room or sub- 
stance to be cooled. In this system the heat flows from the 


Heat 
“ Insulation & 


SPS Ty 


BOE 


fore SOD OOO 


2S; 


Brine 
Absorbs | 
Heat 

From Al 


PEELS 


SS 


mE 
OS, 


ee 


LRN 


me 
| 
Se 


Z 
SS 


Soe 


SOS: 


Src. 646] REFRIGERATION 627 


room which is to be cooled to the fluid and then to the re- 
frigerant. There is another indirect system, called the forced- 
air circulation system (Fig. 570). In this system the air is 
cooled in a separate bunker room and the cooled air is forced 
through the cooler by means of a fan. This system is 
indirect in that the air is cooled outside of the cooler. 


Note.—Tse Inpirecr Brine System Has SrvpraL ADVANTAGES 
Anp DisapvANnTaGEs.—The chief advantage of the brine system is that 
‘““eold’”’ can be stored in the brine, by cooling it to a low temperature. 
Thus a cooling effect can be produced by circulating the brine, even after 
the compressor has been shut down for some time. This is particularly 
desirable where excess refrigeration is required intermittently for short 
periods, such as in ice-cream making and milk-cooling processes. The 
brine system has another advantage that in it the ammonia circuit is 
confined to a small space and not allowed to enter the cooling rooms. 


ar heat Insulation Cooling Coils 

SLOSS CLL GOL LLL LENSES LENO LE LED GLEE OLE ELLA LES, 
S| ne Ss ‘Ret - 
: a ] ry z-keturn From freezing 
& a ooms 
: 
Hy 


LOOMIS 


RO 


MOS: 


BOS SS 
2ScOOee, GEOR SS 


= 


Freezing Rooms-”"~ 


(OS 
2g 


<-6as Suction 
Brine Cooler, 


Vaporization 
Or Evaporation\| 


CK off Separa 
Condenser: a 
Compressor 


Fie. 568.—Typical indirect brine system with ammonia compressor. 


Thus, should a leak occur in the expansion coil of a brine system, the 
ammonia cannot get into the cooled room, where it would injure the 
goods in storage and might cause fatalities. However, the indirect brine 
system has the disadvantage of a greater first cost and lower economy. 
Since the ammonia must first cool the brine, which in turn must cool the 
room, two temperature differences are required between that of the 
boiling ammonia in the vaporization coils and that of the refrigerated 
room, instead of one. To obtain the same room temperature witha 
brine system as,with a direct expansion system, the ammonia in the brine 
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system must boil at a lower temperature (lower pressure) which reduces 


the capacity of the compressor (if compression process) and iowers the 


seldom used for plants 


Ordinarily the indirect brine system is 


which operate 24 hr. per day. 


economy. 
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647. One Of The Chief Uses Of Refrigera 
For Making Ice (Fig. 571).—The ice-mak 
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EXPLANATION.—IN Tuer ‘‘Can” System Or Maxine Ics, Fig. 572, 
cans, C, of rectangular cross-section are partly immersed in a brine tank, 
T, and filled with water. The brine, being cooled by the expansion 
coils, #, and circulated by the agitators, A, absorbs heat from the water 
in the cans. Ice is formed rapidly at 
first, around the insides and bottoms of 
the cans, but as the freezing progresses 
toward the center of the cans the rate of 
ice formation decreases. Since the ice is Bolling 
generally cooled to the temperature of Ammonia |} 
the brine, the heat that must be absorbed faa el ig 
from 1 1b. of water to convert it into ice = 2 
(the heat required to cool the water to the 
freezing temperature) + (the latent heat of 
fusion of the water) + (the heat required 
to cool the ice to the temperature of the 
brine). After the water in the cans has 
been frozen into ice, they are lifted out 
of the tank by the hoist, H. They are 
then warmed slightly on the outside with (7 SS 
steam or hot water and the blocks of ice — Irie. 571.—The elements of an 
dumped out of them by the can dump, ice-making system. This represents 
D, and thawing apparatus. an elementary “plate’’ ice-making 

Name enue “Rw 2 OW Distr cED system (Sec. 647) and does not 

apply to the can system. 

Water Can Be UseEp in the can system 

of making ice. In the distilled-water process, which is desirable 
where exhaust steam is available, the water is first distilled by using 
the exhaust steam and the cans filled with this distilled water. In 
the raw-water process, since raw water—undistilled water—contains 
air and impurities in solution, the water in the cans is agitated by bub- 
bling compressed air through it (Figs. 573 and 574). This agitation re- 
moves the air dissolved in the water and brings the impurities in the water 
together into the central vertical cavity of the block of ice which is form- 
ing. From this cavity the impurities can be easily removed by syphon- 
ing them off and then refilling the hole with water. The raw water 
system is often used where no exhaust steam is available, as in 
electrically-driven plants. 

Nore —Tue Puats System Or Ice-Maxine (see Fig. 571 for elements) 
is used in some plants but is seldom installed at present because of the 
high first cost, greater head room necessary, and lower back pressure 
required. It is a raw water system, in which the ice is formed on a flat 
plate that is immersed in a tank of raw water. The hollow plate is 
arranged so that it functions as an expansion coil. The liquid ammonia 
is fed into it and the vapor is withdrawn from it. The ice cake formed 
is large and irregular in size. 

Exampie.—How much heat must be absorbed from 1 lb. of water at 
70° F, to change it into ice, at the temperature of the brine leaving the 
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tank, 16° F. Assume specific heat of ice as 0.5. SoLnution.—Heat 
absorbed = Heat required to cool water to the freezing temperature + Latent 
heat of fusion + Heat required to cool we to brine temperature = (70 — 32) 
+144 + [(82 — 16) x 0.5] = 38 + 144 + 8 = 190 B.t.u. per lb. of water 
or ice. 
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648. The Unit Of Capacity In Refrigeration Is The “Ton 
Refrigeration.’’—Refrigeration, being essentially a heat- 
transfer process, its capacity is measured by the quantity of 
heat extracted per unit of time. In steam boiler practice the 
unit of heating capacity (33,749 B.t.u. per hr., Sec. 500) has 
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been given the arbitrary term “‘horsepower.’’ Likewise in 


refrigeration practice the unit of capacity has been given the 
term ‘ton refrigeration,’? and is equivalent to a rate of 
cooling of 12,000 B.t.u. per hr. It has a somewhat rational 
Se eee eee basis. If the latent heat of 
AS 2@ fusion of ice is taken as 144 
B.t.u., which is nearly correct, 
then the heat required to mell one 
ton (2,000 1b.) of zee = 2,000 
xX 144 = 288,000 B.t.u. Now 
if this heat was absorbed in one 
day (24 hr.) the heat would be 
transferred at the rate of 288,000 
B.t.u. per 24 hr. or 12,000 B.t.u. 
per hr. or 200 B.t.u. per min. 
Since the rate of transferring 
heat is not necessarily the same 
in all parts of the system, it is 
desirable to establish a standard 
ine Cre eee T of ice Se place of measurement. Thus a 
showing low-pressure air agitation system is said to have ‘one 
pie: ee Shee pee: ee ton refrigeration capacity’ when 
an adaptation of x distilled-water brine it is sO proportioned that the 
ae eo alee refrigerating fluid in the expan- 
sion coils will under normal specified temperature and pressure 
abstract heat at the rate of 12,000 B.t.u. per hr. or 200 B.t.u. 
per min. 


Nors.—Tue Icr-maxine Capacrry Or A Puant Is Luss THan Tue 
Ton RerricgeRATION Capacity.—The ton refrigeration capacity con- 
siders only the latent heat of fusion of ice. In ice making, the water 
must be cooled to the freezing temperature, and usually the ice is cooled 
to the temperature of the outgoing brine. Thus, more than 144 B.t.u. 
must be absorbed to produce one pound of ice. The ice-making capacity 
is not a definite rating since it depends on the losses and the temperatures 
of the water and finished ice. It usually is about 60 per cent. of the ton 
refrigeration capacity. 


649, The Power Consumed by a mechanical-refrigeration 
plant varies from 1 to 2.5 i.hp. per ton of refrigeration. The 
greater the difference between the compressor suction and dis- 
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charge pressures, the greater will be the power required for a 
ton refrigeration. Average economies will be near 25 lb. of 
water freezing effect per pound of coal. This applies to either 
compression or absorption processes for all vapor refrigerants, 
since the power required for a ton refrigeration is about the 
same for all vapors. The air compression processes are not so 
efficient and they probably average 5 lb. of water-freezing effect 
per pound of coal. Ice making, as stated in the preceding 
note, requires more refrigeration than the water-freezing 
effect referred to herein. 


Note.—Tue Corrricient Or PrrrormMaNcE Or REFRIGERATION 
Macuines = (heat extracted from the cold body) + (the indicated 1 ork 
done by the compressor). Both terms must be expressed in either British 
thermal units or foot-pounds per unit of time. See also Sec. 405. 


650. The Liquid-air Process operates on the same general 
principles as does the air refrigerating machine. By means of 
this process, low temperatures can be obtained and air can be 
liquefied. A diagrammatic sketch of the process is shown in 
Fig. 575. 


Economizer:, 
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Fie. 575.—Diagrammatic view of the Linde liquid-air apparatus. 


ExpLANation.—An air compressor, C, Fig. 575 (usually of the four- 
stage type, the air being cooled between stages to prevent too great an 
increase in temperature) compresses the air to a pressure of about 3,000 
Jb. per sq. in, From the compressor the air is carried to the cooler, 4, 
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where it is cooled by cold water to almost the temperature of the water, 
its pressure remaining at about 3,000 lb. per sq. in. After passing 
through the cooler, the air is carried to the “economizer,” EH. This 
consists of a double-pipe coil (one pipe being within the other) enclosed 
in a well heat-insulated tank. At the bottom the two coils separate, but 
both enter the same vessel, V, the inner coil being provided with the 
needle valve, N, by means of which the air flow is regulated. 

As the compressor continues to operate the compressed air flows 
through the inner coil, through the needle valve, N, in which it suffers a 
throttling expansion (constant heat, Sec. 260) to the low (approximately 
atmospheric) pressure of the vessel, V. In expanding through N 
the air is cooled, and the now cold air is then drawn out of V through the 
outer coil of the economizer into the compressor. In flowing through the 
outer coil of the economizer, E, the outgoing cold air cools the incoming 
airin Z. The temperature of this incoming air after expansion into V 
is lower than was that of the outgoing air which preceded it. Thus in E 
both the incoming and outgoing air temperatures are gradually reduced 
as the compressor continues to circulate the air in the system. The 
process is accumulative and, as the compressor continues to operate, the 
temperature falls until the liquefying temperature is reached in V. 
A portion of the air will thereafter condense as it flows through N and will 
collect in V. As some air is condensed into a liquid, more air must be 
admitted (in small quantity) to the system through the valve, B, to take 
the place of the liquefied air. The liquid air can, when formed, be 
drawn off through the valve, D. 


QUESTIONS ON DIVISION 18 


. Define refrigeration, Why is it treated in a book on practical heat? 
Name several uses of refrigeration. 
What are the requirements of a good refrigeration system? 
Define refrigerant. Refrigerator. 
. Why are the walls of ice-boxes and cold-storage rooms composed of heat insulators? 
Name several good heat insulators. 
. Into what two classes may refrigeration processes be divided? 
8. What are the three important natural refrigeration processes and what is the 
underlying principle of each? 
9. Where is cooling by surface evaporation used? 

10. What is the minimum temperature obtainable by surface evaporation? 

11. For what classes of refrigeration is cooling with ice, best adapted? 

12, Draw a sketch of a room cooled with ice and explain the essential features. 

13. What substance is used as the heat carrier in the refrigeration processes where 
the melting of ice produces the cooling effect? 

14 Upon what factors does the success of a cooling process by means of ice depend? 

15. What is a freezing mixture? How are freezing mixtures used in refrigeration? 

16. Where should the cooling coil be placed in the cold-storage room? 

17. Into what two types can mechanical refrigeration processes be divided? Define 
each. 

18. Draw a diagrammatic sketch of a cold-air refrigerating machine and explain its 
operation. 

19. Upon what principle are the vapor refrigerating processes based? 


aoa pepe 
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20. In what two ways may temperatures below atmospheric be obtained by the use 
of vapors? 

21. Explain the operation of a water-vapor refrigerating machine. What is the fea- 
ture of the Westinghouse Le Blanc water-vapor refrigerating machine? 

22. Draw a sketch of an elementary ammonia refrigerating process, and explain its 
operation. Why is this arrangement not used in commercial vapor refrigeration 
processes? 

23. Name the liquids frequently used in commercial vapor machines. Give the king 
of conditions for which each one is best adapted. 

24. By what two methods may the vaporized liquid be restored to its initial liquid 
condition? 

25. What are the essential parts of a vapor compression refrigerating process and 
explain the use of each? 

26. Explain why a compressor is necessary in a vapor compression refrigeration 
process. 

27. Wherein does the vapor absorption process differ from the vapor compression 
process? 

28. Draw a sketch of an elementary vapor absorption process and explain its opera- 
tion. 

29. Describe the operation of a commercial vapor absorption process. How does it 
differ from the elementary process? 

30. How can the increase in efficiency obtained by the use of the exchanger and rectifier 
be explained? 

$1. What are the relative merits of the absorption and compression processes? 

82. Upon what conditions does the economical operation of vapor processes depend? 

$3. Explain the brine or “‘indirect’’ system. Discuss its advantages and disadvan- 
tages What is the direct system? 

34. Describe the can system of ice making, when using raw water. Describe the 
plate system. 

35. Define a ton refrigeration. Explain the difference between ton refrigeration 
capacity and ice-making capacity 

36. How much power is generally required per ton refrigeration? 

37. What is meant by the coefficient of performance? 

38. Describe the liquid-air process. 


PROBLEMS ON DIVISION 18 


See also the refrigeration problems in and which follow Div. 12. 

1. The temperature of the atmosphere is 70° F. and its relative humidity is 0.40. 
What is the lowest temperature that can be obtained by surface evaporation? 

2. An ice-box with a surface of 520 sq. ft. has a leakage of 0.7 B.t.u. per sq. ft. per 
hr. The heat that must be absorbed from the contents and the air changes is 900 B.t.u. 
per hr. How much ice will be needed every 24 hr.? Assume latent beat of ice as 144 
B.t.u. 

3. Air at 100 lb. per sq. in. abs. and a temperature of 100° F., is allowed to expand ina 
cylinder and do work on a piston until the pressure falls to 40 lb. per sq. in. abs. Assum- 
ing adiabatic (frictionless) expansion, what is the temperature of the expanded air? 

4. If water is to boil at 50° F., what must be the pressure of the water? 

5. If 10,000 B.t.u. must be absorbed from a room per hour, how many pounds of 
anhydrous ammonia at a temperature of 80° F. must be vaporized at a pressure of 
29 95 lb. per sq. in. abs. each hour? Assume ammonia vapor leaves dry and saturated. 

6. If the temperature of the condenser cooling water is 70° F., what is the minimum 
condenser pressure allowable in a ammonia compression process? 

7. If the water is at 70° F., how much heat must be absorbed from 1 Ib. to change it 
into ice, when the ice is cooled to a temperature of 20° F. 

8. If in an actual plant 260 B.t u. are absorbed to freeze 1 lb. of ice, what is the capac- 
ity in tons refrigeration required to produce 5 tons of ice in 24 hr.? 

9. In a certain plant, the compressor does 2.0 hp of work for a ton refrigeration cool- 
ing effect. What is the coefficient of performane? 
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Fic. 576.—Engraved glass thermometer. 


DIVISION 19 
INSTRUMENTS 


651. Instruments For Measuring Heat Effects 
will be discussed in this division. Strictly speak- 
ing, heat cannot be measured. But certain of its 
effects, such as temperature, pressure, volume 
change, and the like, may, with properly designed 
instruments, be quite accurately measured in units 
(discussed in preceding divisions) which have been 
adopted for this purpose. Quantitative considera- 
tion of the values, stated in terms of these units, 
which may be obtained under different heat con- 
ditions affords much information which is almost 
invaluable to the engineer. In fact, the material 
in the preceding divisions of this book is based 
largely on data which has been or may be obtained 
only through the use of heat-effect measuring instru- 
ments of the different types. 


Nore.—Tue Cxaracteristics Or Ture Drirrerent 
InstruMENts Wnuicu Wii Be Discussep in the following 
sections are, in most cases: (1) applications, (2) operating 
principle, (3) installation, (4) accuracy, (5) maintenance, 
and (6) calibration. 


652. A Thermometer (Fig. 576) is a device for 
measuring temperature (Sec. 57). All tempera- 
ture-measuring devices are not, however, called 
thermometers; see Sec. 661. The term thermometer 
is usually applied to those temperature-measuring 
instruments which depend for their operation upon 
the expansion or contraction of a fluid or solid, and 
which are capable of indicating temperatures ' 
ranging from about —150 to +1,000 deg. fahr. 
For measuring extremely-high or low temperatures, 
devices called pyrometers (Sec. 661) are ordinarily 
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employed. For principles, method of construction, and the 
different scale-systems of thermometers, see Secs. 57 to 64. 


Fia. 577.—Front view of bi-metallic 
thermometer. (Standard Thermometer 
Co., Boston, Mass.) 


653. Thermometers May Be 
Classifications : 
and 578), which indicate the 
temperature existing at the loca- 
tion under consideration. (2) 
Recording thermometers (Fig. 
579), whereby the temperatures 
obtaining at all of the different 
instants throughout a certain 
time period are recorded on a 
chart. Indicating thermome- 
ters, of different types, may be 
obtained. The temperature 
change may be indicated by 
virtue of the expansion or con- 
traction of either a solid, a liquid, 
or a gas. The operation of re- 
cording thermometers (Fig. 591) 
usually depends upon the ex- 
pansion of a liquid, a gas, or a 


<Bulb 


Colol- Drowwn- Stee! Tube! 
Filleol With Mercury-- 

Fig. 578.—Remote-reading indicat- 
ing thermometer. The bulb, B, is to 
be located at the point at which the 
temperature is to be taken. 


Divided Into Two General 


(1) Indicating thermometers (Figs. 576, 577 
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Fie. 579.—Remote-reading mercury 
recording thermometer. (Taylor In- 
strument Co., Rochester, N. Y.) 


vapor. Mercury or alcohol are the liquids which are ordinarily 


used in indicating thermometers. 


For discussion of the 
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various types under each of the above classifications, see 


following sections. 


654. Mercury Or Alcohol Indicating Thermometers (Figs. 


bermometer- 


Thermometer __-* 
Stem ----" 


Stem-Guard _ 
Tube ----" 


Fie. 580.—‘‘Handled”’ 
thermometer suspended 
for use in open kettle. 


580 and 581), which are especially designed 
for convenience in determining tempera- 
tures, within the previously specified 
thermometer temperature ranges (Sec. 652), 
for practically any industrial service, are 
regularly manufactured. For extremely 
accurate determinations, a thermometer, 
which has the graduations engraved on the 
glass stem (Fig. 516) should be used. If the 
nature of the work is hazardous as to glass 
breakage, an armored thermometer (Fig. 
582) should be employed. Fortemperature 
determinations where facility of reading 
and protection from breakage is more 
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<< Flange 
Nx 
Pes j 

: Yor 

R | Horizontal 
or Base Line 


Straight-Stem 
< Thermometer 


° 


AngleStem © 
O Thermometor™>>-; 


Fic, 581.—Straight stem (S) and oblique stem 
(O) thermometers equipped with oblique flanges and 
mounted ona digester. (Taylor Instrument Co.) 


important than extreme accuracy, the thermometer-bulb and 
stem are secured (Figs. 583 and 584) to a wooden or metallic 
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mounting. The graduations on the scale, which is held on 
or which is stamped in the mounting, are made extremely 


Supporting Ring--... 


Glass Stem--~ 


“---Metal Armor for Protection Of The Gloss 


Holes In Armor 


large, and that part of the glass stem which is visible 
from the front nearly always is so shaped (Fig. 584) 
as to magnify the liquid column in the glass tube. 


Nots.—For Mxrasuring Tue Temperature Or A Con- 
FINED SUBSTANCE, such as steam or a liquid in a pipe line or 
tank, a thermometer well (Fig. 585) may be screwed (Fig. 586) 
into a tapped hole in the pipe or tank. To insure that the 
thermometer-bulb will not be air-jacketed and that it will be 
at the same temperature as the fluid, the temperature of which 
is being measured, the well is filled with mercury (or oil), 
and the thermometer-bulb is then placed in the liquid- 
filled well. Another type of thermometer which is used for 
the same purpose, wherein the thermometer-mounting is rigidly 
fastened to the well is shown in Fig. 587. This construction 
is generally employed for permanent installations. Ther- 
mometers, of this general type, are available which have 
dimension B (Figs. 581 and 588) equal to a : 
maximum of about 5ft., and angle A vary- Screw 
ing from 15 to 180 deg. 


655. Indicating Thermometers Of 
The Dial-type (Figs. 577 and 589) § 
which operate on the bi-metallic ex- § 
pansion principle (Sec. 188), are not, 
ordinarily, highly accurate unless very t 
carefully and expensively constructed. 
Low-priced thermometers of this type | 
are particularly applicable for the § 
approximate determinations which are | 
satisfactory in residences and offices. | 
They are rugged in construction, and | 
not so easily broken as are glass : 


mercury thermometers. The usual | 
temperature range is from about | 
—40 to +160° F. 

: (©) fp Bulla 


Fic. 582.—Armored thermometer. The holes, H, 
in the armor are to permit intimate contact between Fic. 583.—Ther- 


the thermometer bulb and the substance in which mometer mounted 


it is immersed. on metal case. 
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Nots.—Tue Princiete Or Tue Bi-MeTaLuic, Or THERMOSTATIC- 
METAL, THERMOMETER has been explained in Sec. 188. If such a ther- 
mostatic-metal strip be coiled into a spiral (Fig. 590), the metal strip 


Thermometer Glass Jubes, 


Fie. 584.—Transverse section through a 


protecting thermometer-scale case. 
Plug Removed When Ir Use... 
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Vie. 586.—Thermometer in well protected Fie. 587.—Thermometer with socket 
by waste. for insertion in steam line. (Taylor 
Instrument Co.) 


will, if its temperature is changed, tend to become more nearly straight 
or it will tend to curve more, depending upon the metals, their arrange- 
ment, and the temperature change. If the strip has a tendency to 
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straighten, the diameter of the spiral (Fig. 590) will be increased, and 
hence its circumference will be increased. Since the lineal length of the 
spiral strip remains nearly constant, this increase and decrease in cir- 
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--- Cement 


L. <---b- Mounting 
| 
| 
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— . q — Therrnometer Bulo“ ~~. 
as Armored Bulk; 
Or Well... 


Cold Storage 
« Room Werll 
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Fig. 588.—Installation of thermometer iv cold-storage room. 


cumference will, if one end of the spiral is held stationary, cause the other 
end to move along the circumference. By providing a number of turns 


Spirally-Wourd c } 
Bi-Mefaltic va 
Strip... 


Stationary 
Coil-Ena, 


f F = \ 
‘Wew Circumference 
Gears G” Case-----' Original Circumference’ 


Fie. 589. Fie. 590. 


Fic. 589.—Rear view of bi-metallic thermometer of Fie. 577. 

Frc. 590.—Top view of spiral showing action of circular thermostat. (A an B are 
different metals. The increase, C, in circumference is about 7 or 3.14 times the increase 
in diameter, D.) 


as S, Fig. 589, this movement will be greatly increased. The loose end 

of the spiral is connected to a gear (G, Fig. 589) which operates to rotate 

the indicating hand over the dial (Fig. 577). With proper calibration, 

the temperature of the medium surrounding the coil is thereby indicated. 
41 
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656. A Remote-reading Thermometer (Fig. 578) is one 
which has a long metallic capillary tube, 7, that connects the 
bulb, B, to the actuating mechanism which is within the case. 
The length of this capillary tube may vary from a few inches 
to about 100 ft. With this instrument, the bulb, B, is located 
at the point (which may be relatively inaccessible) where the 
temperature is to be measured and the indicating portion, J, 
of the instrument is mounted where it may be read con- 
veniently. Remote-reading thermometers may be purchased 
in either the recording or the indicating type. They are 
capable of operating over temperature ranges of from about 
—40 to +1,000° F. The substance contained in the bulb and 
capillary tube may be either a liquid, a vapor, or a gas. In 
one make of these thermometers (the Bristol) the temperature 
ranges for the different media are liquid, —60° to +150° F; 
vapor, +90° to +500° F; gas, —60° to +800° F. 

657. A Recording Thermometer (Figs. 579, 591 and 592) 
automatically plots a graph of temperature against time. 
In many applications, such as core, enameling, and japanning 
ovens, cold storage rooms, drying rooms, and the like, the final 
quality of the product depends upon certain heat processes. 
In nearly every heat-treating process there are predetermined 
limits within which the temperature must be maintained for 
given lengths of time. Frequently any variation from these 
will seriously damage the product. By using a recording 
thermometer, a complete and continuous temperature record 
may be obtained. The temperature range of recording ther- 
mometers is from about —40 to +1,000° F. Instruments 
of this type may, for low-temperature ranges, be either 
self-contained (wherein the bulb is contained within the 
instrument), or, for all temperature ranges, they may be 
remote-reading. 


EXPLANATION.—Tue Mrcuanism Or A Remots-rEapINna Mercury 
Recorpina THERMOMETER is shown in Figs. 579 and 591. The spiral 
tubular coil, S, is connected to the remote bulb, B, by the tube, 7. The 
bulb and tube are identical with that in Fig. 578. Mercury, which is 
the actuating medium, fills the bulb, extends through the fine bore in the 
flexible tube, and through the fine bore of the coil S. Upon being heated 
or cooled, the mercury in the bulb expands or contracts and the pressure 
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thus produced is transmitted by the mercury column in the tube to S. 
This causes the free end of S to move (Sec. 677). This free end of S, 
by means of the lever, L, operates the pen-arm, A. 

Thus A moves to the right as the temperature increases and to the 
left as it decreases. The chart, D, 
Deas ‘ < being properly graduated, the tem- 

ape perature at the bulb is indicated by 
the position of A. The chart, D, is 
rotated by the clock-movement, C, so 
that D makes, say, one revolution in 
24 hr. Suppose at 11 p.m. the ap- 
paratus is started, and the chart is 
so adjusted that the 11-p.m. line is 
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ee directly under the inked pen point, 
Da erg P, which is carried on A. Then 24 


Brazed or 


hr. later, the 11-p.m. line will have 
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Fie, 591. Fie. 592. 
Fie, 591.—Mercury-filled steel-tube system of a mercury recording and index ther- 
mometer. (Taylor Instrument Co.) The volume of mercury in the bore, G, is reduced to 


a negligible percentage of the whole by inserting a wire, which nearly fills it, through 
the bore. 


Fie. 592.—Recording thermometer to record temperature inside can while being 
processed, 


again rotated around to a position under the pen point. A complete 
and continuous 24-hr. temperature record is thereby provided. 


658. The Calibration Of Thermometers is usually effected 
by comparison with a secondary standard. A secondary- 
standard thermometer is one that has been calibrated against 
a primary-standard gas thermometer. Any thermometer 
manufacturer, and also the U. S. Bureau Of Standards, Wash- 
ington, D. C., have suitable apparatus for doing this work 
The charge is a nominal one of about 25 cents per calibration. 
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659. To Check The Graduations Of Mercury Thermometers 
As To The Boiling Point And The Freezing Point Of Water, 
the following method, which is sufficiently accurate for all 
power-plant determinations, may be used: Suspend the ther- 
mometer (Fig. 70) so that it will be entirely surrounded, up to 
the reading point, in the vapor of pure boiling water at atmos- 
pheric pressure. Note the reading. Also note the then-exist- 
ing atmospheric pressure as shown by a barometer. From a 
steam table (Sec. 394) ascertain the actual boiling point for 
water at the existing atmos- 
pheric pressure. The difference 
will be the error in the position 
of the boiling point. Now sur- 
round the thermometer to the 
reading point with a mixture of 
water and ice. The difference 
between the reading thus ob- 
tained and the 32° mark (Fahren- 
heit scale) will be the error in the 
location of the water-freezing 
| ‘SGale In point on the thermometer. 


Temperature j-\; > i‘ 
Scale In °F--" 


Note.—THERMOMETERS SHOULD, 
ene To InsurE AccURATE TEMPERATURE 
ae Threci Reapines, Br CaimratTeD FRE- 
QUENTLY.—By continued use, the al- 
ternate cooling and heating of the bulb 
will effect a change in the coefficient 
of expansion of the glass. This will, 
unless corrected by frequent calibra- 
tion, result in erroneous readings. 
A thermometer is usually calibrated 

Fie, 593.—Thermometer graduated while immersed up to the point eali- 
to read temperature in degrees Fahren- brated. When thermometers are so 
oe Se eer ee ™ used that it is impossible to obtain 

such immersion, a stem correction 
may, for Fahrenheit thermometers, be applied by using the following 
formula: 


(378) Stem correction = 0.000,088 X (No. of degrees projecting) X 
(Thermometer reading — Mean temperature of emergent stem). 


Glass-tube thermometers are made which are accurate to within about 
0.01° F. 


Sxc. 660] INSTRUMENTS 645 


Nore.—A Turermometer May Be Grapvuatep In Any DzsIRED 
System.—Those systems, as explained in Sec. 59, which are most fre- 
quently used are the Fahrenheit and the Centigrade. The relation 
which exists between the temperature of saturated steam and the steam 
pressure (Sec. 315 and Table 394) permits a thermometer to be cali- 
brated (Fig. 593) both in degrees and in pounds per square inch. Sucha 
thermometer, when used to measure the temperature of saturated steam 
(Sec. 354), also provides an accurate pressure gage. 

660. Certain Precautions Should Be Observed In The Use 
Of Thermometers.—The location of the thermometer bulb 
should be such that intimate contact will be provided between 
it and the substance the temperature of which is being deter- 
mined. If the bulb is located in a “pocket” or is in contact 
with a containing wall or other obstruction, erroneous readings 
will usually result. A thermometer which is used in a well 
(Fig. 586) should be kept from contact with the metal by 
waste. A thermometer should not be carried bottom end 
upward. It should never be subjected to temperatures which 
will cause the indicator to pass beyond the highest temperature 
graduation. 

Nors.—In Important Tests WHERE TEMPERATURE DETERMIN A- 
trons ARE REequireD, ALL THERMOMETERS SuHoutp Br CALIBRATED AT 
Tur Buarnntne Anp Ar Tue Enp Or THE Trst.—They should be 
calibrated at the beginning so that, in the event one is broken during the 
test, the data which has been obtained with it will not be uncertain. 
They should be calibrated at the end to determine if any change has 
occurred during the test. A reserve of calibrated thermometers should 
be available for any important test. Then, if any thermometers are 
broken during the test, others may be substituted without interfering 


with its progress. 

661. A Pyrometer Is An Instrument Especially Adapted For 
Determining Extremely High Temperatures.—But, when 
suitably designed, a pyromeéter may also be utilized effectively 
for relatively low temperature determinations. For measur- 
ing temperatures of from about 1,000 to 3,600° F. pyrometers 
are required because these high temperatures are above the 
range of thermometers (Sec. 652). Pyrometers are applicable 
to such heat-treating processes as are found in the ceramic 
industries, steel mills, blast furnaces, glass plants, cement 
plants, foundries, gas plants, oil refineries, and the like. They 
are also used, in steam-power plants, for determining the flue- 
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gas and other temperatures in the various passes in the boiler, 


stack, and furnace. , 


Recording 
Instrument in, 
Superintendents 
Office 


Pa 


Indicating Instrumen 
for Operator 


“May be 2000 ft 
Thermo- Couples, each 
5 Installed in afurnace 


662. The Principal Types Of 
Commercial Pyrometers are: (1) 
Thermo-electric pyrometers. (2) 


CREE KIC Direct-radiation pyrometers. (8) 
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a Ka Resistance pyrometers. (4) 
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Fie. 595.—Thermo-electric pyrometer Fra 
installed in an oil-burning furnace. 


. 596.—Thermo-electric pyrometer 
applied to a gas furnace. 


Optical pyrometers. (5) Seger cone pyromeiers. Each will be 
discussed briefly in the following sections. 

663. The Thermo-electric Pyrometer Is Well Adapted To 
Multi-point Temperature Determinations.—As suggested in 
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Fig. 594,there may be installed in each of a number of furnaces, 
one thermo-couple which is connected to an indicating pyrom- 


eter located near the furnace. 
can be connected to operate a 
multi-recording pyrometer which 


may be located in the superin- | 


tendent’s office. Thus the fur- 
nace-operator may, by closing 
the proper switch, determine the 
temperature of any furnace. 
Also, the superintendent is 
provided with a continuous tem- 
perature record. The record- 
ing pyrometer, or pyrograph, may 
be 2,000 ft. or more from the 
furnaces. Figures 595, 596 and 
597 show industrial applications. 

664. The Principle Of The 
Thermo-electric Pyrometer 


Also, each thermo-couple 
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Fie, 597.—Thermo-electric pyro- 
meter indicating temperature of a 
molten-metal bath. 


io 


(Fig. 598) is based on what is known as the thermo-couple. 
If two wires of different metals (Fig. 599) are connected at A 
and B, and one of the junctions, as B, is heated so that its 
temperature is greater than the temperature of A, an effective 
electromotive force will be generated, at the junctions which 
is proportional to the temperature difference between A and 
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598.—Thermo-electric pyrometer, showing installation of a thermo-couple. 


B, and an electric current will, thereby, be made to flow in the 


circuit. 


If a suitable electric measuring instrument such as a 


milli-voltmeter (E, Fig. 600) is interposed in the circuit, the 
generated voltage may be read thereon. Since the voltage 
generated by such an apparatus is proportional to the tem- 
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perature difference between the cold and hot junctions, the 
scale of the milli-voltmeter may be graduated to read the 
temperature directly in degrees. 

665. A Commercial Indicating Thermo-electric Pyrometer 
(Fig. 598) consists of a properly protected thermo-couple, 
T, the connecting cable, C, and an electrical voltmeter, EH, 


Hot Junction 


Hot Junction 


Wires OF \ 
i ‘Different! 
H Metcls-7 
“Direction OF 
Current 


£---- BUnSes7 


“Flame : 
Milli-Voltrneter---4.\ 


Burrer 
Fie. 599.—A thermo-couple. (A Fie. 600.—Principle of the thermo-electric 
difference in temperature between pyrometer. 


A and B generates an e.m.f. which 

is proportional to the temperature 

difference.) 

which is graduated to read in degrees of temperature. The 
bare thermo-couple (Fig. 601} should, before it is exposed to 
high temperature, be enclosed in some sort of protecting tube 
(Figs. 602 and 603). These protecting tubes may be of various 


Thermo - Couple 
Terminals ~. _ 


Wires of Porcelain,” Gah 
Dissimilar Metals... Insulator 


Thermo -Couple.. 


J Wall Flange ----- “WY Porcelaii @ 
Junction Terminals ie yates 
Fie, 601.—Bare thermo-couple. Fie. 602.—Thermo-couple enclosed 


in protecting tube. 


materials, such as iron, copper, nickel, chromium, quartz, 
porcelain, firebrick, graphite, or silica, depending upon the 
service for which they are to be used. 


Notre.—Txe Merrats Or Wuicu Pyrometer THERMO-COUPLES ARE 
Mapr may be divided into two classes: (1) Base metals. (2) Rare 
metals. 'The base-metal thermo-couples are usually made of nickel-alloy 
wire. They are suitable for use in measuring temperatures up to about 
1,800 or 2,000° F. They are not as accurate as are the rare-metal 
thermo-couples, but are more robust of construction, and cheaper. 
The rare-metal thermo-couples are formed, usually, by using ove wire 
of platinum and one of 90 per cent. platinum and 10 per cent. rhodium, 
‘They may he used to measure temperatures as high as about 2,900° ¥. 
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666. The Temperature Of The Cold Junction Of A Thermo- 
electric Pyrometer Should Be Kept As Near Constant As Is 
Practicable.—Since (Sec. 175) the deflection of the instrument 
is proportional to the temperature difference between the hot 
and cold junctions, it is evident that if a temperature variation 
of the cold junction occurs, the temperature as indicated by 


Thermo-couple Lead Indicator~. 
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Furnace 
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, Cold Junctior -~._ So 
aA AWS: 
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rurnace Interior Throughout Year about 5° F + 
Fia. 603.—Taylor Instrument Fig. 604.—Installation showing method 
Company’s short-type thermo- of burying cold junction of a thermo- 
couple. electric pyrometer. 


the instrument will change, even though the actual tempera- 
ture of the hot junction has remained constant. In installa- 
tions where a high degree of accuracy is not required, the cold 
junction may be placed near the floor. A method of obtaining 
a more nearly constant cold-junction temperature is shown in 
Fig. 604. Various thermostatic devices are on the market 
which maintain the cold-junction temperature constant to 
within about 1° F. There are also other regulating devices 
called compensators, which, when connected into the circuit, 
so vary the circuit-resistance as to compensate for small cold- 
junction temperature variations. 

667. Calibration Of Thermo-electric Pyrometers may be 
readily effected by comparison with a standard gas thermom- 
eter. Such a calibration may be obtained from the Bureau 
Of Standards, Washington, D.C. A standardized pyrometer 
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may be secured from any pyrometer manufacturer for use in 
plants where it is necessary that a large number of pyrometers 
be checked frequently. Chemically-pure salt (sodium chlo- 
ride) which can be purchased at any chemical supply house, 
may be used for checking pyrometers. The salt is raised to a 
temperature of about 1,500° F., the thermo-couple inserted 
in the molten salt and the temperature allowed to drop. 
As the temperature decreases, there will be a temperature- 
drop lag when the salt freezes. At this point the pyrometer 
should read 1,474° F. The melting points of such metals 
as tin, zinc, and lead as given in Table 285 may also be used 
in calibrating pyrometers. 

Note.—Tue Accuracy Or A THERMO-ELECTRIC PYROMETER will 
depend upon: (1) The precision of calibration. (2) The uncompensated 
temperature variation of the cold junction. (3) The scale graduations. 
Temperatures may be determined by this instrument to within +5° F. 


In general, thermo-electric pyrometers are accurate to within 0.5 per cent. 
of the temperature range of the instrument. 
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Fie. 605.—The Féry radiation pyrometer measuring temperature of inside of furnace. 


668. The Féry Radiation Pyrometer (Fig. 605) utilizes the 
radiant energy (Sec. 142) which emanates from a hot object to 
measure the temperature of the object. It is particularly 
applicable as a portable instrument in determining high 
furnace temperatures (Fig. 606), and also the temperature of 
molten metals. An instrument of this type is not subject to 
any deterioration in measuring high temperatures because no 
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part of the instrument will be heated to a temperature greater 
than about 280° F. This apparatus is capable of determining 
temperatures within an accuracy of about 5° F. from about 
1,200 to 3,600° F. The calibration of the Féry radiation 
pyrometer is based upon the 


zy Rooliont Weather 

Stefan-Boltzmann law (Sec. 147) ; Heat eee ino, 
of black-body radiation. v es 
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correction coefficients must be 
applied to temperature read- 
ings taken upon bodies in the 
open, such as a stream of molten 
metal. These correction coeffi- 
cients will be supplied by the 

fact Fia. 606.—Outdoor installation of 
manutacturer. Féry radiation pyrometer, sighted into 

Nore.—TueE PrincieLE Or Oprra- # fire-clay tube. 

TION Or THE Fry RADIATION 
PYROMETER may be explained thus; the instrument (Figs. 605 and 607) is 
sighted at the object, the temperature of which is to be determined, by 
looking through the eye-piece, HZ, (Fig. 607) and by focusing with the 
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Fig. 607.—Elevation and section of the Féry radiation pyrometer telescope. (Based on 
design of Taylor Instrument Co., Rochester, N. Y.) 


thumb-nut, H. The radiant heat waves are reflected by the concave 
mirror, M, and focused on the hot junction of a thermo-couple at F. 
The thermo-couple is connected to a voltmeter temperature indicator 
through the terminals, 7. The temperature indicator may be either 
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of the indicating or recording type. A second scale 1s provided for 
higher temperatures. To use this second scale, the shutter, D, is partially 
closed over the mouth of the telescope, thereby decreasing the radiant 
energy which enters it. The instrument may be so designed that, within 
wide limits, its accuracy is independent of the size of the hot body or of 
the distance of the instrument from the body. 


669. The Resistance Pyrometer is a temperature-measuring 
instrument—it may be either indicating or recording—which 
depends for its action upon the change in the electrical resis- 
tance of a conductor when the temperature of the conductor 
changes. These instruments are particularly well adapted for 
accurate temperature measurements over a range of from 
—150, or even lower, to + 1,800° F. They are accurate to 
within about 0.5 per cent., or within 2° at 400° F. In this 
instrument, a resistor coil of platinum, nickel alloy, or 
copper wire, which is enclosed within a suitable protecting 
tube, is installed at the point where the temperature is to be 
measured. Since the resistance of the resistor coil increases or 
decreases according to the temperature, this change in resis- 
tance can be readily and accurately measured with a Wheat- 
stone bridge, a galvanometer, and a pair of dry cells. ° 


Notre.—TuHe Caurration Or A ResistaNcE PYROMETER is usually 
effected by comparing its readings with those of a standard instrument, 
or by measuring its resistance in melting ice, in steam, and in the vapor of 
boiling sulphur; see also Sec. 667. Other temperatures are then calcu- 
lated by means of formulas. ‘The constants used in the formulas depend 
upon the temperature coefficient of resistance of the metal of the resistor 
coil. 


670. Optical Pyrometers are temperature-measuring instru- 
ments which depend for their action upon the comparison of 
the intensity of the light which is emitted from the hot body, 
with the intensity of light which is emitted from a standard 
source—usually a standardized incandescent lamp. To 
minimize color difficulties, and to simplify the use of the instru- 
ment, only that wave length which to the eye appears red (Sec. 
180) is retained. Then, by adjusting the apparatus so that 
two adjacent fields of vision, each of which is illuminated by 
one of the sources, have the same intensity of illumination, the 
temperature is determined by graduations on the instrument. 
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Notr.—A Srmiuar InstruMENT employs an incandescent lamp which 
is placed between the observer and the object, the temperature of which 
is to be measured. Then, with a rheostat, the current through the 
lamp is so adjusted that the lamp filament becomes invisible. A milli- 
ammeter is connected into the circuit to measure the lamp current and 
is graduated to read temperature in degrees. This type of instrument 
is comparatively inaccurate. Its use may he injurious to the operator’s 
eyes. It cannot be employed for temperatures below 900° F. 

671. Proper Installation And Maintenance Of Pyrometers 
Is Essential.—Only thus can satisfactory results be obtained. 
Stationary instruments should be mounted on a wall or post 
which is reasonably free from vibration. The thermo-couple 
or the resistance coil should be so installed in the furnace or 
heated device that the protecting tube extends at least 2 in. 
(Fig. 604) inside the wall. If a porcelain or fire-brick protect- 
ing tube is used, its temperature should, to lessen the prob- 
ability of breakage, be raised slowly. A horizontally 
installed thermo-couple (Fig. 598) should not, where tempera- 
tures exceed about 1,600° F., extend into the furnace over 3 in. 
without being supported at the end. This is to prevent break- 
age due to sagging. All wiring should, where possible, be 
installed in conduit. Instruments should be checked fre- 
quently for accuracy. The indicating apparatus of pyrometers 
is extremely delicate, and should be handled accordingly. 

672. Seger Cones, which have already been described in Sec. 
283, are economical and satisfactory for estimating high tem- 
peratures in kilns and furnaces. 

673. A Pressure Gage Is An Instrument For Measuring 
The Pressure (Fig. 16 and Secs. 5 to 19) exerted by a liquid, 
a vapor, oragas. These instruments may. for various services 
be so designed and graduated as to read pressures which range 
from about 0.000.07 lb. per sq. in. in draft gages, up to about 
5,000 lb. per sq. in. in hydraulic gages. 

674. The Operation Of Pressure Gages Is Usually Based 
Upon One Of The Four Following Principles: (1) The manom- 
eter, Fig. 17. (2) The Bourdon tube, Fig. 608. (3) The 
diaphragm, Fig. 618. (4) The spring-and-piston, Fig. 624. 
Gages of any of these types may be employed to determine 
pressures which are either above or below that of the atmos- 
phere. They are usually graduated to read in pounds per 
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square inch, inches or millimeters of mercury column, or inches 
of water column. However, any other desired units of pres- 
sure (Sec. 19), such as ounces 
per square inch, pounds per 
square foot, and the like, may 
be used. Gages of each of the 
four above specified types are 
discussed in the following 
sections. 

675. The Manometer (Figs. 17 
and 18) typifies the simplest 
form of pressure gage. It is 
particularly applicable for 
measuring partial vacuum, and 
Fre. 608.—Bourdon-tube pressure gage. (Fig. 609) low pressures such as 

those which are produced in the 
ashpit under a boiler where forced draft is  Pize connections. 
used. Manometers are seldom employed. & 
to measure high pressures. Thisis because ; @ 
of the great length of tubing which would ae 
be required to obtain a practical working 
range. For principle of operation and 
description see Sec. 13. Manometer pres- 
sure gages of various designs are treated in 
the following sections. 


R : inelicating 
Pipe Connection’ fie 


‘Inches 


oS 
ing. & Weter Column 
: s 


Notn.—PressurE Reapines By MANomurers 
ArE DrterMINeD By Tue Dirrerence In Tue 


Lrevets Or Tur Liquip In Tur Two Leas Or Tue Gase eer 
Tube (Sec. 13). To obtain economical construc- NSS 
tion, a manometer (Fig. 610) which has one short BES 
leg, S,may be utilized. Thecross-sectional area of SON 


S is many times larger than that of the long leg, 
L. Assume that the instrument is, when both 
tubes are open to the atmosphere, filled with Fie. 609.—Manometer 
mercury up to the 0-graduation mark, Now let pressure gage for deter- 
the outlet, C, be connected to an exhaust pump ™2ing pressure of forced 
é 3 draft in ash pit. 

and the air exhausted from L until the mercury 

has risen exactly 10-in. in ZL. Suppose the cross-sectional area of S 
is 10 times that of LZ. If the mercury rises 10 in. in L it will drop 1 
in. in S. Hence, instead of the vacuum being 10 in. of mercury column 
it will be 11 in. Therefore, the distance from the 0-graduation mark 
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to the 11l-in. graduation mark must be 10 in. 
It follows that the distance between each successive 
1-in. graduation must, if the instrument is to read g 
directly in inches of mercury column, be 10/11 } 
in. This method of construction is frequently } 
employed in draft gages; see Fig. 611. 


676. A Typical Draft Gage of the mano- | 
meter type is shown in Fig. 611. By} 
mounting the long leg, Z, in an inclined }} 
position, increase or decrease in the vertical }j: 
liquid-column height causes the liquid level }\ 
(meniscus) to move along L a distance equal 
to (the vertical distance moved) X (the cosecant } 
of angle A). This makes it possible to } 
graduate the scale more closely. Thus, if 
the sine of the angle A is 0.1, its cosecant : 
(reciprocal of the sine) is 10, and then a } 
change in the impressed pressure of 1-in. }\ 
water column will cause the liquid level to 
move 10in. in L. Draft gages are usually }\ 
graduated to 0.01 in. An oil (Red Seal, & 
specific gravity, 0.83) which is lighter than }} 
water and which is colored red, is ordinarily } 
used in these instruments. Thereby } 
another means of scale lengthening is } 
provided. The instrument must be ad- KL. 
justed by centering the bubble of the spirit Fie. 610—Short-leg 
level, B. Draft gages which are con- ™*" ads qusronsy, 
structed for attachment of each end to a 
separate space and which indicate the difference of pressure in 
the two spaces, are called “differential’’ draft gages. For 


i -Inches Of 
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-g-Long Ley 


Oll-Leveling Nu#----- —— 
Metal Cose.--Oper Jo Atmosphere AL Peers aw Pubber gee 


Ynclined Long-Leg Spirit Lever = Glass Jubing-- “O/ Leveler 


Fia, 611.—Typical draft gage of the manometer type. (Defender Automec Regulator 
Co., St. Louis, Mo.) 
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detailed discussion concerning installation of draft gages, see 
the author’s Stream Boruers and PracticaL BorER Room 
Economy. 


Notr.—Tue Barometer, of both the manometer and diaphragm 
(aneroid) types, is discussed in Secs. 10 and 11. 


677. The Bourdon-tube Pressure Gage (Fig. 608) is one 
which depends for its action on the change of curvature 
(Fig. 615) which occurs in a curved metallic tube when the 
pressure on a fluid therein is varied. A gage of this type is 
particularly applicable for measuring high pressures. It is 
also designed to measure pressures which are below that of the 
atmosphere. For determining pressures above atmospheric, 
these gages are usually graduated in pounds per square inch, 
but may also be graduated in feet of water column, tons per 
square inch, and in atmospheres. For measuring the pres- 


Pressure In Lb. Per Sy. In-, 


Elastic 
Metal--. 


Voc uum In Inches 533 


OF Mercury : p 
~<-Pipe C f 
Ee CPT I-Circular Section 
Fic, 612.—Combined pressure gage for Fie. 613.—Elliptical and 
measuring both pressure and vacuum with circular sections which have 
the same instrument. the same perimeter. 


sures of partial vacuua (that is, pressures below atmospheric), 
they are generally graduated in inches of mercury column. 
A compound pressure gage (Fig. 612) is one which is designed 
to measure pressures both above and below atmospheric 
pressure on the same dial. Bourdon-tube pressure gages are 
suitable for measuring pressures as high as 50,000 lb. per sq. in. 
They are made both in the indicating and recording types. 
A recording pressure gage is similar in operation to the record- 
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ing thermometer (Sec. 657). For explanation of Bourdon- 
tube-gage operation, see note below. 


EXPLANATION.—TuHp PrRINcIPLE Or Tur BourDON-TUBE PRESSURE 
GaGE is based on the fact that if a fluid is forced under pressure into a 
curved tube, the tube tends to straighten out. The straightening ten- 
dency is increased if the tube is of an 


oval section. Why this is true will be es ae $53 
explained: Jf a fluid under sufficient pres- = S 

sure be forced into an elastic tube hav- ‘%’// SAY 

ing an elliptical (or any other than a ///f/ 0 \\ 
circular) section, A, (Fig. 613), the elastic | jj bianerane ot, 


tube will be forced to assume a circular 
section, B. Hence, it follows that if a 
fluid under pressure is forced into an 
elastic flat-tube ring (Fig. 614), when the 
ring section is changed by the internal 
pressure from a flattened circle, S; to a ie eleia ecemae howeaional 
true circle S:, the outer circumference Of pressure in a flat flexible-tube ring 
the tube will increase from C; to C». changes shape of its cross-section, 
Likewise, the inner circumference will 224 thereby increases its external 
decrease from R, to R>. Since the outer paneer e and decreases its internal 
circumference is increased, the particles ager 
of the metal in it are under tension. Since the inner circumference is 
decreased, the particles in it are under compression. 

Now, if pressure is applied to the interior of a flat curved tube (Fig. 615), 
the effect of the tension in the outer circumference and the compression 
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we \ 


N 
i 


“Section X-X 


y 


Fae 
Weage--~ 


Elliptical- 


A_-S<---Closed’ Erol a 
AS Sap “Section Tube 
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Fic. 615.—Illustrating principle of Bourdon tube. (Driving W into inner tube-wall 
produces compression therein. Pinching the outer tube-wall with P produces tension 
therein. Both operations tend to straighten the tube, 7.) 


in the inner circumference is to straighten the ring from the position 

shown by the dotted lines to the position shown by the full lines. 

The result is the same as that which would occur if tension were intro- 
47 
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duced at many points along the outer circumference by pinching parts 
of it together with pinchers (P, Fig. 615) and simultaneously introducing 
compression at many points in the 
inner circumference by driving therein 
wedges, W. In an actual Bourdon- 
tube gage (Fig. 616), the movement 
of the free end of the tube, 7, as it 
‘tends to straighten, rotates the indicat- 
ing hand, 7. The motion is trans- 
mitted through the link, L, the sector, 
S, and the gear, G, which is mounted 
on the index-hand shaft. 


678. A Siphon Or Water- 
seal Must, For Steam-pressure 
; Determinations With Bourdon- 
| Auustoble tube Gages, Be Interposed 
Between The Tube And The 
Steam (Fig.617). The tempera- 
ture of the Bourdon tube should 
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\Tuhe Ae hate 


x 


Y This’ 
Distance 


ESS <Pive not be permitted to exceed about 

= Connecti 

== mer-150° F. Temperatures greater 
Fic. 616.—The mechanism of 2 than this in the tube may be 


Bourdon-tube pressure gage. prevented by a bent pipe or a 
vessel (Fig. 617 I, JJ, and III) which will always contain 
water. With such an arrangement there is a column of water 


---T0_ Gage-----.. 
Wea woes, 
= 


E-Govse=Nee k -Ri a } 
ere on I-Ring i psho'n 
Fia. 617.—Typical gage siphons used with Bourdon-tube steam pressure gages. 


between the hot steam and the gage tube. The gage tube 
contains relatively-cold water and a little air. 
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Nots.—Bovurpon-Tuse Gaces For Locations WHERE THE WATER 
CoNTAINED THEREIN May Ber Sussectep To FREEZING TEMPERATURES 
should be so made as to be self-draining. 


679. The Diaphragm-type Pressure Gage is shown in Fig. 
618. The general principle is the same as that of the aneroid 
barometer, Sec. 11. The corrugated diaphragm, D, is, when 
subjected to pressure, bulged upward or downward, depending 
the side on which the pressure is the greater. This movement 
is, transmitted through the con- 
necting strut, P, the sector, S, 
and the gear, G, to the indication 
hand, J, thus moving I over the 
scale to indicate the pressure. 


_-Clock 


Hole In Circula i 
+ CL poe Movement 


Pointer. 


Diaphragm 
aut Box Springs 
bink- a 


Connecting Z Corry. 
Corrugated 
Strut p Diaphragm | Pps By 
Connection: 
Fie. 618.—Illustrating principle of ‘‘dia- Fie. 619.—Multiple diaphragm or 
phragm”’ pressure gage. diaphragm-box-spring recording pres- 


gure gage—cover removed, 


Nors.—Gaces Or Tue Diapnracm Tyre Are NotSo WELL ApaPpTED 
To Hicu Pressures As To Low Pressures.—Single-diaphragm gages 
- similar to that of Fig. 618 are seldom, if ever, now manufactured, largely 
because the movement distance provided by a single diaphragm is 
insufficient for effective operation. For extreme sensitiveness in measur- 
ing low pressures, the usual practice is to arrange several thin-metal 
diaphragms (diaphragm box springs), Fig. 619, in series. These dia- 
phragm box springs are similar to that shown in the radiator trap, Fig. 
522. Pressures which are either above or below atmospheric may be 
~ measured with instruments of this type. Both indicating and recording 
diaphragm pressure gages are on the market. 
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680. The Calibration Of Gages may be effected by compari- 
son with a so-called test-gage. Test-gages generally have finer 
graduations than ordinary gages and are also more carefully 
made and adjusted. The comparison between the test gage 
and the service gage can be made by connecting both to the 
same piping system in which the pressure can be varied. Test- 
gages should be calibrated from time to time with some stand- 


ard source. A vacuum gage may be calibrated by the method 
shown in Fig. 620. 


be 
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Fie. 620. Fie. 621. 

Fie. 620.—Apparatus for calibrating a vacuum gage. (Non-collapsible tubing 

must be employed for all connections. By connecting P to a pressure pump, the appara- 


tus may also be used for calibrating low-reading pressure gages.) 
Fie. 621.—Gage-hand jack. 


Nots.—To Apsust An Error In A Gace Or Tue Dra, Typx, the 
indicating hand should, if the error is constant throughout the scale, be 
removed with a gage-hand jack (Fig. 621)—a tool which will be supplied 
for this purpose by any gage manufacturer. Then the hand may be 
accurately reset. A Bourdon-tube gage may be accurate on its scale at, 
say, 50 lb. per sq. in. and inaccurate on its scale at 150 Ib. per sq. in. 
When this condition exists, the adjustment is made by loosening the 
screws, E and F (Fig. 616), and changing the distance H. If H is 
decreased, the movement of the indicating hand is increased. Therefore, 
if the gage reads low on its scale at 150 lb. per sq. in., H should be 


decreased, and vice versa. 
681. A Dead-weight Gage Tester (Fig. 622) provides an 
absolute standard for gage calibration. Boiler inspectors 


usually employ such an instrument as a primary standard for 
gage testing. 
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ExpLaNaTion.—A Drap-weicuT Gace TEsTEr (Fig. 622) has a plat- 
form, 7’, secured to a piston, P. The piston is accurately fitted into a 
cylinder C’, which when new, has a cross-sectional area of 0.2 sq. in. This 
cylinder communicates at its lower 
end to a reservoir, R, which is fitted Gage to 
with a piston, S,and which is moved “222; FR, Weights 
in or out by a screw that is operated 
by a handwheel, H. A pipe, Q, which 
connects to the lower part of R, is G 
provided with unions and fittings for 
attaching the gage, G, that is to be Qu 
tested. Three-Way ae 

To operate the device, the three- Vi 
way valve is closed and S is screwed _ Fia. 622.—Section of a dead-weight 
down to the bottom of R. Then gage tester. 

P is removed and C filled with clean 

oil. By screwing S upward, the oil is drawn into R. No air should be 
permitted to entrap in R. Attach the gage, G, which is to be tested. 
Open the three-way valve. Add weights W to produce the desired 
pressure inG. (Since the area of P is 0.2 sq. in., each 1 lb. added to the 
platform will produce a pressure of: 1 + 0.2 = 5 lb. per sq. in. on the 
oil, which is transmitted thereby to the gage. The weight of the platform 
and plunger—usually 1 lb.—must always be included in the weight which 
produces the pressure.) As the weights, W, are placed on the platform, 
S must, to keep T floating, be screwed down. When observations are 
being taken, the platform should, to reduce the effect of piston-and- 
cylinder friction to a minimum, be given a slight rotary motion with the 
hand. When G has been tested, screw H outwardly to the limit. Close 
the three-way valve. Remove G. The tester is now ready for the next 
test. 


682. Concerning The Accuracy Of Gages, definite values 
cannot be given. Primarily, the accuracy of a gage depends 
upon the precision of calibration, which, in turn, will be 
governed by the scale graduations. It is obvious that a draft 
gage can be calibrated and read more nearly accurate than can 
a high-pressure hydraulic gage. A gage of the dial type should 
be accurate to within an amount equal to about 1.5 times the 
width of that portion of the indicating hand which lies above 
the gage scale, measured to the scale of the gage. 

Exampie.—lIf the width of a pressure-gage hand end covers 2 lb. per 
sq. in. on the scale, then the gage should be accurate to within: 1.5 X 
2 = 3 1b. per sq. in. 

683. ‘Combination’? Graduations For Pressure Gages are 
often useful. Thus, a gage may be scaled both in feet of water 
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column and in pounds per square inch. When so scaled, the 
gage may be used to read simultaneously the height of water in 
a stand-pipe and the pressure in pounds per square inch which 
is produced by the water column. Similarly, a steam-pressure 
gage may be graduated to read both the pressure of the steam 
in pounds per square inch and the temperature of the saturated 
steam (see Sec. 394). This arrangement is similar in function 
to that of the temperature-pressure thermometer of Fig. 593. 

684. An Engine Indicator (Figs. 623 and 624) may be con- 
sidered as a recording pressure gage which draws a graphic 
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Fie. 623,—Elementary indicator for obtaining a pressure-position diagram for 
crank end of engine cylinder. (To take diagram for head-end, indicator is connected 
to X, then D is shifted the proper distance to the left along A and there resecured.) 


record of the pressures which exist within an engine cylinder 
during one cycle (Sec. 402 defining cycle). The pressure varia- 
tion throughout a stroke, as recorded by a pencil line (Q, Fig. 
623) on a piece of paper by an indicator, is called an indicator 
diagram. For further discussion of indicators and indicator 
diagrams and their applications, see the author’s Srram- 
ENGINE PRincipLes AND PRacTIcE. 


Sxc. 685] INSTRUMENTS 663 


ExpLaNation.—As the engine crosshead (H, Fig. 623) moves, it carries 
with it the arm, A, which supports board, D. On Dis tacked a card, M. 
Simultaneously, as the pressure within cylinder, H, varies, the indicator 
piston, P, moves up or down. The pencil (fixed to P) records the move- 
ment on M. Thespring, S, which restrains the pressure against P, is so 
made that a certain pressure against P will cause a desired length of 
vertical movement. It follows that the indicator diagram, Q, traced 
in Fig. 623 by the pencil on the card, will be a graphic record of the 
variation in pressure, in that portion of the cylinder which is on the right 
of the engine piston, at the different instants during its stroke. 

The vertical distance, V, of any point, C, on Q, from a line, L, (which 
represents the atmospheric pressure and which is drawn when only 
the pressure of the atmosphere is on both sides of P) is proportional to 
the pressure above or below atmospheric, in the crank end of H at that 
point in the stroke. 


Linke 
~" Mechanism 
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----D/s tory To Reducing Motion > 


Fig. 624.—Semi-sectional view of Crosby *‘outside-spring’’ steam-engine indicator. 


685. An Actual Steam-engine Indicator (Fig. 624) embodies 
refinements not incorporated in that of Fig. 623. The general 
principle is, however, the same for both. Where feasible, the 
same reference letters have been used on both illustrations. 

ExpLaNATIon.—The cord, 7 (Fig. 624), is indirectly attached to the 


engine crosshead. The blank-indicator card is held around D by the 
clamps, Z. A reducing motion, which may be of any one of several 
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designs (see R, Fig. 625 for an example) is interposed between the cross- 
head and the indicator so that the circular travel of the drum, D (Fig. 
624) will not be excessive and will be proportional to the travel of the 
engine piston. The link mechanism, L, must be so designed that B will 
travel only in a straight vertical line. Different accurately calibrated 
springs, S, are used for different maximum steam pressures under which 
engines may have to be tested. 
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Fic. 625.—Indicator arranged for taking diagrams on a double-acting steam engine. (A 
three-way valve inserted at C, provides greater accuracy than do valves Vi and V2.) 


Note.—In Taxine Steam Enaine Inpicator D1iacrams (Fig. 625) a 
diagram is first taken for one “end” (Fig. 626-7 ) of the cylinder. Then 
by closing Vi and opening V», a diagram is taken for the other end as 
shown at JJ. Usually in practice both diagrams are taken on the same 
card as shown at JT/. 
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Fie. 626.—Indicator diagrams. 

686. A Hygrometer is an instrument which is employed for 
determining the moisture content—humidity (Sec. 333)—of 
air. Most hygrometers depend for their operation on the wet- 
and-dry-bulb-thermometer principle (Sec. 334). The sling 
psychrometer (Fig. 322) is probably the most accurate of the 
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various humidity-determininginstruments. Toinsure depend- 
able results, the velocity of the air which surrounds the 
bulbs of any wet-and-dry-bulb hygrometer should equal or 
exceed about 800 ft. per min. A stationary hygrometer is 
shown in Fig. 627; the objection to Miher Reser vor 

this instrument is that, due to peservor 
irregular air circulation over the (7% > 
bulbs, erroneous readings are likely | 
to result. 


Notse.—Res.ative-HumMipitry Dertsr- 
MINATIONS Mapp Wits A STATIONARY 
Wet-sutp Hycrometer In Stinu AR 
Witt Usuvatty Br Erronrovus.—The 
following is adopted from a statement by 
the Taylor Instrument Co., Rochester, 
N. Y.: “If the relative humidity to be 
measured is in the neighborhood of 20 per 
cent. or less, and the air temperature is be- 
tween 40 and 45° F., then there will be, 
for the same temperature condition, a 
difference in the relative-humidity read- 
ing of approximately 30 per cent. between 
air absolutely still and air in motion at 
800 ft. per min. If the humidity is be- 
tween 75 and 80 per cent. and the tempera- 
ture between 85 and 100° F., then 
there will be practically no difference 
between the humidity reading ob- 
tained in still air and in air in motion at 
800 ft. per min. If the air is in motion, subject to the ordinary drafts 
that may be present in rooms, then the error under such conditions as 
compared with the readings with an air velocity of 800 ft. per min. will 
be somewhere between the limits given above.”’ To obtain accurate 
results with the relative-humidity tables (Table 335) as published by 
the U. 8. Weather Bureau, an air velocity of about 800 or 900 ft. per min. 
should (so the Weather Bureau advises) prevail. No appreciable differ- 
ence in the relative-humidity value will result, however, if the air velocity 
is as low as 600 ft. per min. 


687. A Recording Hygrometer Or Recording Wet-and-dry- 
bulb Thermometer, the operation of which is similar to that 
of the recording thermometer (Sec. 657) is shown in Fig. 628. 
This instrument is equipped with a moter-driven fan which, 
when in operation, produces a continuous and constant air cir- 


Mounting Board - 
Fic. 627.—Stationary hygrometer. 
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culation over the bulbs. Where the wet and dry bulbs can 
be mounted in a duct (Fig. 629) in which the velocity of the 
=e air exceeds about 800 ft. per 
i min., then the blower is unneces- 
hl sary. 


Nors.—A Typz Or HyGrometTer 
Catuep A HycGroprik is shown in 
Fig. 630. It is practically self-read- 
ing, inasmuch as the humidity table 
is mounted on the instrument in the 
form of achart. To read the instru- 
ment, the index hand, J, is swung to 
the left-hand scale, L, and the sliding 
pointer, P, set to the degree line upon 
this scale which corresponds to the 
wet-bulb temperature as indicated by 
the wet-bulb thermometer on L. 
Then J is swung to the right until P 
a Fis O28 Wet sa dey-blb record 42095. downwrand te the loft from ie 
ing thermometers, provided with fan- ; 
driven motor. (Taylor Instrument Co.) Gegree point on R corresponding to 

the indicated dry-bulb temperature. 
The index hand will then be pointing to the relative humidity, H, at 


---Air Intorke 


TINUE 
ATT 

‘et Bulb Tub 
JOTIUTTORTUTOQAR UTIL 


Mounting Boorol. 


Motor Starting Switch} s “X 


Wet Bulb’\ Vy 


Baffle Plate-. 
GLMMLLILLLLLLL ALM MAA LDL LLADELLMPLLLIE LA, 
Dry Bulb-.. 
carr a 


J4--Water Reservoir 


Ayre, ih Uae 
Air-Duct Wall Bub 


Flexible 
Connecting” 
Tubing 


. 
‘ 


Installed in 
Air Duct 


= Recording 
v4 Thermometer 
Case 
Water Reservoirs Must Be On 


Same Level Jo Insure Water 
Feeding Properly From C to D 


Water Reservoir’ “Indlex Hane 
Fia. 629. Fie. 630. 
Fig. 629.—Typical installation of remote-reading recording thermometers for deter- 


mining humidity in an air duct. (Taylor Instrument Co.) 
Fia. 630.—A hygrodeik. 


the bottom of the chart. The dew point and also the absolute humi- 
dity may be determined directly from the chart. This instrument is 
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subject to the same inaccuracies as is the stationary hygrometer of Fig. 


627. 


688. Table Showing Approximate Costs Of Various Instru- 
ments.—(These data, which were compiled from manu- 
facturers’ catalogs, are not intended to present definite prices, 
but merely to give the reader an idea of the relative costs.) 


Price range, 


Instrument Type acta 
Bulb and stem mounted on wood or 
THCLALN he nek: Seis Wore ceeNs cere 0.25to 4 
Same as above, with bulb located in 
THERMOMETERS separable socket threaded for pipe 
UD No abs he soe Wbs ob Udo Moab S 6 3 to 45 
Hingravedaere contr). ciieehteieliir 2 to 37 
IREIMObe-TeACING spy ye areelom ores steel 75 to 150 
A Indicating...... 60 to 175 
ee) Recordings, eeu (ome toiC00 
EU OME TERS Radiation, indicating............-. 175 ~=—to 470 
Resistance, indicating nahabt ite Geena 100 ~=to 200 
Seger cOneS........0+ seeceees ees 0.05 
Draft Manometer..... 14 to 35 
ake gte Diaphragm..... 60 to 80 
PRESSURE GAGES ra na 
Hydraulic...... 22a to; 07.0 
Bourdon tube Steam ere 4 to 35 
INDICATORS Steammeng Neve jsevria eter irre eee 100 to 275 
Sling psychrometer. . BAe 4. .to 10 
HYGROMETERS Stationary W-. and D. aio Ge ees 5 to 40 
Distance, recording..........-.--: 150 ~=— to 250 
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689. Table Showing Ranges And Accuracy Of Different 
Temperature-measuring Instruments, thermometers, pyrom- 


eters, Segar cones and the like. From Moyer, J. A. 
“Power Plant Testing.”’ 
Devices 
Range, degrees Probable accuracy, 
Fahrenheit degrees Fahrenheit 
Type Class 
mM 
ss Ordingryatypesc eee - 38 to + 575) From 1° in common in- 
H Pp struments up to 0.01°. 
= 8 Jena glass, capillary tube! — 38 to +1,000 Higher ranges accurate 
oO Ss filled with nitrogen. * to 1°. 
= Quartz glass, capillary tube} — 37 to +1,500 | Higher ranges accurate 
a filled with nitrogen. Conk? 
ea} 
B Alcohol or petrol ether.......... — 325to + 100} Accurate to 1°. 
Electrical resistance, ‘‘bridge’| — 400 to +2,200| Accurate to 0.01° for 
and galvanometer. range 0° to 500°. 
Thermovelectricase-eekeaee ete. — 400 to +3,000 | Reliable to nearest 5°. 
Metallic (mechanical).......... + 300 to +1,000! Uncertain. 
Vapor (usually recording)....... + 95 to +1,350} Reliable to nearest 2° 
ie to 10° 
for] . 
& 
B ' Thermo-couple in focus of | + 300 to +4,000 Reliable to about near- 
a) | a : 
Se +3 8| mirror (Féry). est 20°. 
2 ae Bolometers ja. searuaceceeee — 400tosun Reliable to about near- 
SM est 20°, 
Ay SS 
Opticaleaasmcec cc eae +1,000 to sun Reliable to about near- 
est 20°. 
Seger pyrometer cones.......... +1,100 to +3,600 | Reliable to about near- 
est 20°, 


Notr.—* Mercury boils at a temperature of 675° F. 


In the common 


mercurial thermometer there is a vacuum in the capillary tube above the 
mercury and the pressure at any point in the temperature range is that 


of the mercury vapor alone. 


Consequently such thermometers cannot 


be used where the temperatures exceed 675° and they are unreliable 
when that temperature is approached. To obviate this difficulty, the 
capillary tubes are sometimes filled with nitrogen, or some other inert 
gas that will not attack the mercury, under high pressure. As the mer- 
cury expands against the gas, the pressure upon the mercury is increased 


and the boiling point is raised. 


QUESTIONS ON DIVISION 19 


1. Name some heat effects which can be measured. 


2. What is a thermometer? 


How may thermometers be classified? 
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3. What two liquids are frequently employed in thermometers as the expansion 
medium? 


4. What kind of a thermometer should be used for accurate temperature determina- 
tions? 

5. Explain by sketch, the operation of a bi-metallic thermometer. 

6. What is a remote-reading thermometet? Why is their use sometimes necessary? 

7. What is a recording thermometer? 

8. Explain the operation of a mercury recording thermometer. 

9. How are thermometers usually calibrated? 

10. What precautions should be observed in the use of thermometers? 

11. What is a pyrometer? Why must a pyrometer be used to measure high tempera- 
tures? 

12. Name five principal types of pyrometers. 

13. Explain the operation of a thermo-electric pyrometer. 

14. Why should the cold-junction temperature of such an instrument be maintained 
nearly constant? What methods are frequently employed to obtain a nearly constant 
cold-junction temperature? 

15. How may thermo-electric pyrometers be calibrated? Upon what factors does 
the accuracy depend? 

16. To what service is a Féry radiation pyrometer particularly applicable? 

17. Explain the operation of a resistance pyrometer. 

18. What are the disadvantages of an optical pyrometer? 

19. What is a pressure gage? 

20. Name four principles of pressure-gage operation. 

21. Why are draft gages frequently made with one short leg and one long inclined leg? 
Why is oil often used in draft gages instead of water? 

22. Explain, with sketches, the principle of the Bourdon tube. 

23. To what applications are Bourdon-type gages suitable? 

24. Why must a siphon be used in connection with Bourdon-tube steam gages? 

25. What are the services to which a diaphragm pressure gage may be adapted? 

26. Explain two methods of calibrating gages. 

27. Name the units in which gages may be graduated. 

28. What is an engine indicator? Explain its operation. 

29. What is a hygrometer? 

30. Name and explain two types of hygrometers. 
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SOLUTIONS TO PROBLEMS 
SOLUTIONS TO PROBLEMS ON DIVISION 1 
FORCE, PRESSURE, WORK, ENERGY, POWER 
1. Since 1 ton = 2,000 lb., the force required = 1 X 2,000 = 2,000 


lb. 
2. Yes. A force of 5 lb. between the wrench and the floor. 
8. By For. (1),2 = a = ae = 400 Ib. per sg. ft 


4. By For. (4), Pa = Poe + 14.7 = 128 + 14.7 = 142.7 1b. per 
Sq. in. 
5. By For. (5), P = 0.4912 X 28.5 = 13.999 Ib. per sq. in. 
6. The height of water column = 30 X 12 = 360 in. By For. (7) 
Pau = 0.073,55 P: = 0.073,55 X 360 = 26.48 in. 
7. 12 1b. A force cannot act and the system remain in equilibrium 
without being opposed by another force which has the same magnitude. 
8. By solution of example subjoined to Sec. 3, the drawbar pull = 
(100,000 X 5) __ 
a 100ae a 5,000 7d. 
9. By For. (13), W = FL = 50 X 15 = 750 ft.-lb. 
10. By For. (18), W = FL = 35,000 X 4% = 17,500 in.-lb. 
— eh (40 2565) X 300.2 
11. By For. (15), P = 33,0008 ~ 33,000 X 1 = 0.68 Ap. 
12. The pistop travel = (15 + 12) X 90 = 112.5 ft. per min. By For. 
HPD _ (3,600; 212.5) * 
(15), P = 33 O00 = ao 000 pClie ae 
13. The weight of the water delivered = 1,500 X 8.3 = 12,450 1b. per 


min. By For. (13), foot-pounds = W=FL. P = = 12,450 X 


350 = 4,357,500 ft.-lb. done in one minute. By For. (15), P= 
FL _ (4,357,500) _ 

33,000¢ — 83,000 x1 ~ 1°? *P- 
14. The time = 3 X 60 = 180 min. By transposition of For. (15) 

_ 33,000¢P _ 33,000 X 180 x 6 _ 

"a DAs 75 a 


the weight of water pumped = F 
475,200 lb. or 475,200 + 8.3 = 5,725.3 gal. 
SOLUTIONS TO PROBLEMS ON DIVISION 2 
MATTER, HEAT, TEMPERATURE 
1. By For. (19), Tr = %Tc¢ + ee [% X 357] + 32 = 674.6° F. 
0 
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2. By For. (19), Tr = %Tc + 32 =(% X (—75.5)] + 32 
= 108.9° F. 

3. By For. (18), Tc = 56(Tr — 32) = 5 X (2,750 — 32) =1,510° C. 

4. By For. (18), Tc = 56 (Tr — 32) = % X (—396.4 — 82) = 
—238° C. 

5. By For. (20), Tr = Tr + 460 = 212 + 460 = 672° F. abs. Tr = 
Tr +460 = 460 + 460 = 920° F. abs. Tr = Tr +460 = — 32+ 
460 = 428° F. abs. 

6. By For. (21), Te = Tc + 273 = 100 + 273 = 373° C. abs. 
To = To + 273 = 0 + 273 = 273°C. abs. To = To +273 = —175+ 
273 = 98° C. abs. To = Tc + 273 = 20 + 273 = 293° C. abs. 


SOLUTIONS TO PROBLEMS ON DIVISION 4 
HEAT—ITS MEASUREMENT AND TRANSFORMATIONS 


1. By For. (22), Q = W(T2 — 71) = 35(212 — 55) = 5,495 B.t.u. 

2. By For. (22), Q = W(T2 — 71) = 265 = 8(T2 — 60). Solving 
for T2: T2 = (265 + 8) + 60 = 93.13° F. 

3. Heat applied to water = 0.50 X 50,000 = 25,000 B.t.u. By For. 
(22), Q = W(T2 — T1) = 25,000 = WX(210 — 65). Solving for W: 
W = 25,000 + (212 — 65) = 172.4 1d. 

4. Large calories given off = kilograms X deg. cent. = 15 X 35 
525 large calories. By For. (26), 525 large calories = 525 X 3.968 
2,084 B.t.u. 

5. At 14,000 B.t.u. per Ib., 17 lb. of coal represent 17 X 14,000 = 
238,000 B.t.u. The energy "delivered as available work = 0.12 X 
238,000 = 28,560 B.t.u. per hour. By For. (30), the horsepower 


28,560 + 2,545 = 11.22 hp. 


| 


ll 


Q 8.75 
6. By For. (31), C = wp, <7) ~ £5 X (83 — 65) 
7. By For. (82),Q = CW (T: — 71) = 0.115 X 75 X (1,500 — 80) 
12,245 B.t.u. 
8. By For. (32), Q = CW(T: — T:) = 0.119 X 125 X (180 — 40) 
2,082 B.t.u. By For. (27), 2,082 B.t.u. is equivalent to 2,082 x 778 


1,620,000 ft.-Jb. 
9. By For. (32), Q = CW(T2 — 71) = 0.24 X 30 X (565 — 65) 


3,600 B.t.u. WiC.T) Ewes 
_— Widili 2vele _ 
10. By For. (38), T = WC, + W:C, 
(6 X 0.119 X 2,300) + (6 X 83 X1X 50) = 99°F 
(6X 0.119) + (5 X 8.3 X 1) } 
WiC 1s W2C27'2 
11. By For. (38), T = W.C, + W.C, 
_ (16 X 1 X 40) + (10 X 1 X 110) = 66.9° F 
(16 X 1) + (10 X 1) : . 
_ CoWe(Tu — Tc) 1x8 X (60.— 35) 
12. By For. (33), Cx = “Wai(fy — Tu) ~ 12 X (212 — 60) 
= 0.109,6 = specific heat. 


= 0.108. 


ll 
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13. By For. (44): Wv = 778Qv = 778 X 5,495 = 4,275,110 ft.-Ib. 

14. By For. (45): Wo = 778Qp = 778 X 10.5 = 8,170 ft.-lb. 

15. By For. (48): We =P X (V2 — Vi) = (100 X 144) X (4.429 
0.0177) = 63,550 ft.-lb. 

16. By For. (46) and Prob. 15: Qz = Wz/778 = 63,550 + 778 
81.7 B.t.u. Also, by For. (56): Qz = Qo + Qz = 806.6 + 81.7 
888.3 B.t.u. 

17. By For. (22): Qy = W(T, — T1) = 1 X (327.8 — 32) = 295.8 B.t.u. 

18. By For. (57): Q; = Qv + Qp = 295.8 + 806.6 = 1,102.4 B.t.u. 

19. By For. (58): Q = Qr + Qe = 1,102.4 + 81.7 = 1,184.1 Btu, 


| 


SOLUTIONS TO PROBLEMS ON DIVISION 5 
TRANSFER OF HEAT 


1. Rate of heat conduction = 41 xX = 53.3 B.t.u. per min. 
2. Thermal pressure = 500 — 100 = 400° F. 
3. By For. (62), the thermal conductance = B = 


700 
BX (300 — 70) ~ 2-609 mohes. 


ie SE 2 
Cees 


4. By For. (63), the thermal pressure = (T2 —7T,) = A — 
$7209 eae F 

(iaie7 Seti ic (a 

5. By Table 125, the value of Ks per square-foot-inch for steel = 


320. By For. (66), the thermal conductance = B = KsA = 2 ee 


L 0.5 >: 
19,200 mohts. 

6. The circumference of a 6-in. pipe = 3.14 X 0.5 = 1.57 ft. The 
area of the covering = (20 X 1.57) = 31.4 sq. ft. By Table 125, the value 
of Ks, per square-foot-inch, for mineral wool = 0.42. By For. (71), 
Oe KsA(T2 — T:)t _ 0.42 X 31.4 x (300 — 90) X 10 

L 4 


= 6,923 B.t.u. 


A aon ea) (1,500 =S10jees 
7. By For. (78), the heat-flow = Q= R = is 0.000,267.2 


= 22,267,964 B.t.u. 
8. By Table 125, the value of Ks, per square-foot-inch, for brick- 
work = 3.40. By For. (66), the thermal conductance through each 


square foot of the well-area = ae = eax = 0.378 moht. By Sec. 


129, the thermal resistance = aay = 2.65 thoms per sq. ft. 


9. The area of the wall = 6 X 15 = 90 sq. ft. By Table 125, the 
value of Ks. ver square-foot-inch, for brickwork = 3.4. By For. (66), 
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the thermal conductance through the wall = see opiate ARAL 


a 


mohts. By Sec. 129, the thermal resistance = en 0.049 thoms. 


T, —T 2,000 — 190 
B A ry Laas 1 _ 2, Z 
y For. (79), the heat-power loss R 0.049 36,938 


B.t.u. per hr. 


10. By Table 149, k, for wrought-iron bodies = 0.154. By For. (83) 


4 
the heat radiated under the initial fire-temperature = Qr = | (G00 = 


2a a le. 2,400 + 460) 4 700 + 460\*] _ 
100 | = 0.154 ia) - (an | = 100,250 B.t.u. 


per hr. per sq. ft. of hot fuel bed area. By For. (83), the heat radiated 
: & s DN aae yf te\t |. 

under the increased fire-temperature = Qr = k| io) Ga) | = 

2,600 + 460\4 (700 + 460\*] _ 

0.154| ( 100n, ) ( 100 | 132,250 B.t.u. per hr. per 

sq. ft. of hot fuel bed area. Increase of radiated heat = 132,250 — 100,250 

= 32,000 B.t.u. per hr. per sq. ft. of hot fuel bed area. 


SOLUTIONS TO PROBLEMS OF DIVISION 7 
EXPANSION AND CONTRACTION OF SOLIDS AND LIQUIDS 


1. By For. (97): Le = Li + Lnex(T2 — T:) = 26.1 + [26.1 X 
0.000,010,7(212 — 40)] = 26.148 in. Pointer will move: (10 + 1) xX 
0.048 = 0.48 in. 

2. Substituting in For. (94): 1 = exIiT = 0.000,005 X 26.1 X 172 = 
0.022 in. 

3. Difference in temperature = 110 — (—30) = 110 + 30 = 140° F. 
By For. (94): 2 = ecliT = 0.000,006,3 X (98 X 12) X 140 = 1.04 in. 

4, Substituting in For. (94): 1 = e:LiT = 0.000,006,3 X (50 X 
12) X 1 = 0.003,78 in. To bend or shift the piers. 

5. Substituting in For. (94): X =1 = e:L,T = 0.000,006,3 X 300 X 
(300 — 50) = 0.478 ft. or about 5.7 in. 


6. Substituting in For. (94): expansion 1 = e:liT = 0.000,008 
(100 X 12) X 100 = 0.96 in. Width of expansion joint = 51 =5 X 
0.96 = 4.8 in. By For. (99): Increase in area = A = esAiT = 2e,AiT 
= 2 X 0.000,008 x (30 X 100) X 100 = 4.8 sq. ft. 

7. Transposing For. (102) and substituting: stress = E X strain = 
28,000,000 X (0.0001 + 12) = 233.3 1b. per sq in. 

8. By For. (102): B = “2% = (1,500 + 0.3) + (0.002 + 10) = 

strain 
5,000 + 0.000,2 = 25,000,000 Ib. per sq. in. 

9. Transposing For. (102) and substituting: strain = stress + 1G = 
(200,000 + 12) + 30,000,000 = 0.000,55 in. per inch, on a total for 16 
in. = 16 X 0.000,55 = 0.008,8 zn. 

43 
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10. By For. (94): 2 = e:L17 = 0.000,006,3 X (375 X 12) X 350 = 
9.92 in. By For. (107): F = EerTA = 30,000,000 X 0.000,006,3 x 
350 X 2.5 = 165,375 Ib. 

11. By For. (94): 1 = e:LZ:T = 0.000,006,3 X (20 X 12) X (600 — 
50) = 0.83 in. By For. (106): Stress = EerT’ = 30,000,000 x 
0.000,006,3 X 400 = 75,600 lb. per sq. in. 

12. By For, (101), the final volume, V2 = Vill + evT) = 500{1 + 
[0.000,1 X (210 — 50)] } = 500 (1 + 0.016,0) = 500 X 1.016 = 508 gal. 
or an increase of 508 — 500 = 8 gal. 


SOLUTIONS TO PROBLEMS ON DIVISION 8 
HEAT PHENOMENA OF GASES 


1. By For. (109), P,; == io pyle a = 91.07 Ib: per saan: 
abs. or, 76.37 lb. per sq. in. in gage. 
PV, \_ Bix s 
P2 (100 + 14.7) 
3. By For. (115), Pr = Ps{l + 0.002,033(7 — 32)] = 60[1 + 
0.002,033(100 — 32) = 60(1 + 0.138,244) = 68.3 Ib. per sq. in. abs. 
4. By For. (117), Vr = Vs.[1 + 0.002,033(7 — 32)] = 12.39[1 + 
0.002,033(70 — 32) = 12.39(1 + 0.077,254) = 13.35 cu. ft. 


_ PiT, _ 14.7 X (460 + 300) ny 
5. By For. (121), P, = ta (460 + 32) = 22.7 Ib. per 


2. By For. (110), Ve = 


= 0.385 cu. ft. 


sq. in. abs. 
TiP2 (70 + 460) X (100 + 14.7) 


6. By For. (122), T, = ah te (60 + 14.7) = 939.6 
F. abs., or (936.6 — 460) = 476.6° F. 
_ ViT: _ 3 X (1,800 + 460) _ 
7. By For. (131), V2 = Tr (40 + 460) = 13.56 cu. ft. 
_ TiV2 _ (460 + 82) x 15 a = 
8. By For. (132), T, = | oe 12.39 = 595.6° F. abs., 


or (595.6 — 460) = 135.6° F. 


9. By Table 244, V,! = oo o ox =4 cu. ft. Then, V; = 
2 . 
Vo'T: _ 4 X (80 + 460) _ 
Th ac  (GORI60s 4.235 cu. ft. 
10. By Table 244, P,’ = we = 0x1 = 1.25 atmospheres. Then, 
PT 1.25 X (100 + 460 
[2 = T. 2 ee (50 + 460) ) = 1.373 atmospheres. 


11. By Table 244, T,’ = 


1 
abs. Then, T; = 2° — 10408 x 5 


Vi 10 
460) = 60.4° F. 


T:P, _ (50 + 460) X 30 _ : 
>= a = = 1040.8° F, 


= 520.4° F. abs. or (520.4 — 
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12. By For. (135), V2 = P,ViT2 _1X 10 X (80 + 460) 


P.T; 9.5 x (50 ate 460) = 4,235 cu. ft. 


P ; 
13. By For. (134), P2 = au Sera WO 0 4 60 = 21.67 


lb. per sq. in abs. 
14. By For. (136), T: = P2V2Ti _ 30 X 5 X (60 + 460) 


Piven 127. 

abs. or (758 — 460) = 298° F, 

15. From Table 251, for acetylene, kg = 59.34. Hence, by For. (148), 
BV, (200 + 14.7) x 144 X 15 4 
Wha ~ 9 X 59.34 a isieat oh 
or, (868 — 460) = 408° F. 

16. From Table 251, for air, ke = 53.34. Hence, by For. (147), the 
WkceT _ 50 X 53.34 X (210 + 460) 


= 758° F. 


the temperature = T = 


volume = V = wre 144 X (250 + 14.7) = 46.9 cu. ft. 
Ue PV wld LT Dist L407) KS 
17. By For. (150), ke = WT = 9 x (290 +460) ~ 20.23. 
18. By For. (149), the weight originally in the tank = W, = pe == 
1 
(144 X 14.7) x 10 P2V2 


53.34 X (460 + 70) > 0.75 lb. Also, the final weight = W2 = —7- = 


144 X (200 + 14.7) X10 _ ; Ae id 
53.34(460 ++ 75) = 10.841b. Therefore, the weight forced in = 
W2 — W, = 10.84 — 0.75 = 10.09 lb. 
19. By For. (156), D = ¥ = ae = 10.2 lb. per cu. fe. 
20. By For. (158), W = VD = 88 X 0.08 = 7.04 lb. 
_ Pr _ 144 X (100 + 14.7) 
Bi. By For: (165), De = 1 or, 54.99 X (460 + 80) 
= 0.556 lb. per cu. ft. 


D,P, _ 0.556 X 14.7 


22. By For. (159A), D2= Pan G00 In 7ae 0.071,3 lb. per cu. ft. 
_ DiTiP2 _ 
23. By For. (164), Dz = a ae 


0.556 X (460 + 80) X (1,800 + 14.7) 
(460 + 200) X (100 + 14.7) 

24, The average pressures are as follows along ab, 60 lb. per sq. ft.; 
along be, 65; along cd, 60; along de, 55; and along ef, 50. Hence, since 
work = (average pressure) X (change in volume), the work = (60 X 2) + 
(65 X 1) + (60 X 8) + (55 X 1) + (50 X 1) = 470 ft-lb. 


BERE Psa show = Mae ee 


= 7.2 lb. per cu. fet. 


~ keT  —*53.84 X (460 + 70) 
= 33.6 1b. Also, by For. (122), the initial temperature = Ti = so = 
2 


(14.7 + 200) X (460 + 70) _ goyo ate eee 
(14.7 + 150) 691° F. abs., or (69 460) = 23 ? 


Hence, by For. (175), the heat added = WCy(T2 — T1) = 33.6 X 0.171 X 
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(70 — 231) = —925 B.t.u., or 925 B.t.u. have been extracted. Alsc, by 
For. (177), the vibration work = Wy = 778WCy(T2 — T1) = 778 X 
33.6 X 0.171 X (70 — 231) = —719,500 ft.-lb. 

26. From Table 251, for air, Cp = 0.241 and Cy = 0.171. Hence, vy 
For. (178), heat added = Q = WCp(T, — Ti) = 6 X 0.241 X (150 — 
60) = 130.1 B.t.u. By For. (180), external work = We = 778W(Cp — 
Cy)(T2 — T1:) = 778 X 6 X (0.241 — 0.171) X (150 — 60) = 29,400 ft.- 
lb. By For. (182), the vibration work = 7783WCy(T2 — T,) = 778 X 
6 X 0.171 X (150 — 60) = 71,850 ft.-lb. 

T.V2 (460 + 130) x 90 


27. By For. (132), the final temperature = Tz = ees 100 


= 531° F. abs. or (531 — 460) = 71°F. By For. (149), the weight = W 
PY _ (100 +147) xX 44100 

ke? ~ 5334 xX (460 + 130) = 52.55 1b. Hence, by For. (178) 
the heat added = Q = WCz(T2 — 7) = 52.55 X 0.241 X (180 — 71) 
= —747 B.t.u. Hence, heat abstracted = 747 B.t.u. By For. (179), 
external work = Wr = P(V2 — Vi) = 144 X (100 + 14.7)(90 — 100) = 
—165,200 ft.-lb. By For. (182), vibration work = Wy =778WCy(T2— 71) 
= 778 X 52.55 X 0.171 X (71 — 180) = —412,500 ft.-lb. 


28. By For. (192), the work done = Wz = P,V;, log. aS = 144 x 


P, 
1478 Tog Ra 6,350 5d toes 01284.» Now lon O.1es nr 
100 + 14.7 ; sows ee , é : 
9.107,7 — 10 = —0.892,3. Therefore, loge = 2.308 X (—0.892,3) = 
—2.054. Hence, Wz = 6,350 X (—2.054) = — 13.040 ft-lb. By For. 
(194), the heat added = Q= We ola 0e) = —16.77 B.t.u. or, the heat 
: 73 OS 


abstracted = 16.77 B.t.u. The heat comes from the external work done 
on the gas. 


29. For. (193) may be written: Wz = WkcT log. = Hence, the 
2 


a i 175 + 14.7 
external work = Wr = 1 X 53.34 X (460 + 100) log. —— “15 + 14.7, = 
29,880 X log. 6.39. Now, log 6.39 = 0.805,5. Hence, log. 6.39 = 
2.303 X 0.805,5 = 1.854. Therefore, Wz = 29,880 X 1.854 = 55,400 
ft.-lb. 

30. By For. (202), external work = We = 778WCy(T; — T2) = 
778 X 20 X 0.171 X (80 — 150) = —186,200 ft-lb. Hence, 186,200 
ft.-lb. of external work was done on the gas. 


31. By For. (147), the initial volume = V; _ WhoT, _ 


ea 
1 X 538.34 X (200 + 460) 
300 X 144 = 0.815 cu. ft. By For. (235) the final volume 


Sy eae (2) e = 0.815 X (32) 4 = 0.815 X (20), Now, log 
20 = 1.301,0. Hence, log (20)°-7 = 0.714 x 1.301,0 = 0.929. Also, 
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0.929 = log 8.49. Hence (20)°-7!4 = 8.49. Therefore, V2 = 0.815 X 


8.49 = 6.92 cu. ft. By For. (236), the final temperature = Tz = Ti 


k-1 1.4—1 
15 1.4 


P eee 
(2) k = (460 + 200) X (aes = 660 X (0.05)°75°. Now, log 


0.05 = 8.699 — 10 = —1.301. Hence, log (0.05)°-28* = 0.286 X (— 1.301) 
= —0.371,8. Also, —0.371,8 = 9.628,2 — 10 = log 0.425. Hence, 
(0.05)9-28° = 0.425. Therefore, T: = 660 & 0.425 = 280° F. abs. or 
(280 — 460) = —180° F. 

32. By For. (201), the eaternal work = Wa = = 
(144 x 300 a = x 15 X 6.92) = 50,600 ft-lb. By For. 
(204), the vibration work = Wy = T738WCv(T2 — T1) = 778 X 1X 
0.171 X (—180 — 200) = —50,600 ft.-lb. 


1 1 
33. By For. (235), the final volume = V2 = vi(F)F= 10 x (a) 
2 


60 
= 10 X (0.233,3)74,. Now, log 0.233,3 = 9.368 — 10 = —0.632. 
Hence, log (0.233,3)°-714 = 0.714 X (—0.632) = — 0.456,4 = 9.543,6 — 


10. But, 9.543,6 — 10 = log 0.349,7. Hence, (0.233,3)°-714 = 0.3497. 
Therefore, V2 = 10 X 0.349,7 = 3.497 cu. ft. By For. (236), Te = 
P k-1 60 14-1 
T,(5') k = (460 + 100)( 77) 14 = 560 X (4.287)%28°, Now, log 
1 


4.287 = 0.632. Hence, log (4.287)%?8* = 0.286 X 0.632 = 0.180,7. 
But, 0.180,7 = log 1.515,5. Hence, (4.287)9-286 = 1.515,5. Therefore. 
T, = 560 X 1.515,5 = 849° F. abs., or (849 — 460) = 389° F. 

34. By For. (222), the specific heat = C= = = Cyr= po * x 
0.171 = —0.171. By For. (219), the external work = We = 778W(C — 
Cy)(Ts — Ts) = 7178: X20 X (—-0.171 — 0.171)(150 — 80) = —372,400 
ft-lb. By For. (217), the heat added = Q = WC(T2 — Ti) = 20 X 
(—0.171) X (150 — 80) = —239.4 B.t.u., or 239.4 B.t.u. had to be 
abstracted. 

35. By transposing For. (223), the vibration work = Wy = 778Q — 


We = 778 X 8 — 40,000 = —33,776 ft.-lb. 
36. By For. (222), the specific heat = C = 5 — * cy = a — = S4 


0.171 = —0.057. Hence, by For. (217), the heat added = Owe 
T,) =1X (—0.057) X (200 — 80) = —6.84 B.t.u. Or, the heat abstracted 


= 6.84 B.t.u. 
37. By For. (147), the initial volume = Vi = ae a 
1 


1 X 54.99 X (460 +120) _ 
144 X (100 + 14.7) = 1.93 cu. ft. By For. (235), the final 
100 + 14.7\r35 _ 


1 
- P = 
volume = V2 = vi(B)" = 1.93 eo 1.93 X (7.805) %741, 
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Now, log 7.805 = 0.892,2. Hence, log (7.805)°-741 = 0.741 X 0.892,2 = 


0.661 =log 4.58. Therefore, V2 = 1.93 X 4.58 = 8.84 cu. ft. By For. a 
n—1 1.35— 


the final temperature = T, = T; 3) 7 = (460 + 120) (a3) 1.35 
= 580 X (0.128,1)°-25%2, Now, log 0.128,1 = 9.107,8 — 10 = — 0.892,2. 
Hence, log (0.128,1)-25%2 = 0.259,2 x (— 0.892,2) = —0.231,3 = 
9.768,7 — 10 = log 0.587. Therefore, T, = 580 X 0.587 = 323°F. 
abs , or (323 — 460) = —137°F. 


PV, — P2V. 
38. By For. (218), the ezternal work = Wz = es as. = 


(144 X 114.7 x nee _ ee X 14.7 X 8.84) = 37,660 ft-lb. By For. 
(220), the vibration work = Wy = T78WCy(T2 — T1;) = 778 X1*X 
0.176 X (—137 — 120) = —35,180 ft.-lb. By For. (223) transposed, the 
heat added = Q = (Wz + Wyv)/778 = (37,660 — 35,180) + 778 = 3.19 
B.t.u. 
39. From Table 251, for oxygen, k = 1.4. Hence, by For. (238), 
k 1.4 
T3\es7 460 — 280\;,,— 
the final pressure = P, => Jes, (FZ) => 1,800 Oto) a 
1,800 X (0.327,3)3-5, Now, log 0.327,3 =9.515,0 —10 = —0.485,0. Hence, 
log (0.827,3)?-5 = 3.5 X (—0.485,0) = —1.697 = 8.303 — 10 = log 
0.020,1. Therefore, P2 = 1,800 X 0.020,1 = 36.18 Jb. per sq. in. abs. 
1 


1 
By For. (239), the final volume =V>= vi(q ye =2x( oe) 
2 


460 —280 
= 2 X (3.056)?5, Now, log 3.056 = 0.485,2. Hence, log (3.056)?:5 = 
2.5 X 0.485,2 = 1.2125 = log 16.31. Therefore, V; = 2 X 16.31 = 
32.62 cu. ft. 


SOLUTIONS TO PROBLEMS ON DIVISION 9 


MELTING AND FREEZING OF SUBSTANCES - 


1. By Table 90 the specific heat of ice = 0.504 B.t.u. per lb. By 
Table 291 the latent heat of melting of ice = 143.3 B.t.u. perlb. Hence, 
the required heat = { [0.504 x (32 — 22)] + 143.3} X 300 = 44,502 
B.t.u. 

2. By Table 90 the specific heat of water = 1.0 B.t.u. per lb. By 
Table 291 the latent heat of melting of ice = 143.3 B.t.u. per lb. Hence, 
the heat passing to the brine = [1.0 X (65 — 32) + 143.3] X 258.3 = 
45,538 B.t.u, 

3. By note subjoined to Sec. 288 the approximate freezing tempera- 


110 i 
ture = 32 — [o.o135(7° | = 31.899° F, 


4. By Table 285 the melting temperature of tin = 449° F. By Table 
90 the specific heat of solid tin = 0.055 B.t.u. per lb. By Table 291 
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the latent heat of fusion of tin = 25.2 B.t.u. per lb. By Table 90 the 
specific heat of molten tin = 0.058 B.t.u. per lb. Hence the quantity 
of heat absorbed = 2,000 X {[0.055 x (449 — 80)] + 25.2 + [0.058 < 
(660 — 449)]} = 115,466 B.t.u. 


SOLUTIONS TO PROBLEMS ON DIVISION 10 
VAPORIZATION 


1. By Table 90, the specific heat of water = 1.0 B.t.u. per lb. By 
Table 323 the latent heat of vaporization of water under atmospheric 
pressure = 970.4 B.t.u. per lb. By Table 318 the boiling temperature 
of water under atmospheric pressure = 212° F. Therefore the requisite 
quantity of heat = 1.0 X (212 — 32) + 970.4 = 1150.4 B.t.u. 

2. By Table 291, the latent heat of melting of ice = 143.3 B.t.u. per lb, 
By Table 90, the specific heat of water = 1.0 B.t.u. perlb. By Table 323 
the latent heat of vaporization of water under atmospheric pressure = 
970.4 B.t.u. per lb. By Table 318 the boiling temperature of water 
under atmospheric pressure = 212° F. Therefore, the requisite quantity 
of heat = 143.3 + [1.0 X (212 — 32)] + 970.4 = 1293.7 B.t.u. 

3. By Table 332 the weight of water vapor per cubic foot of air at 70° 
F., for a relative humidity of 50 per cent., = 3.99 grains. Therefore, 
the weight per cubic foot for a relative humidity of 55 per cent. = 


1° X 55 = 4.389 grains. 

4, The temperature difference = 70 — 58 = 17°F. By Table 335, the 
relative humidity = 30 percent. From Table 332, the weight of vapor = 
2.394 grains per cubic foot. 

5. Following downward to the right from the 75° wet-bulb mark 
to the vertical line through the 90° dry-bulb mark, the relative humidity 
is found, at the intersection, to be 50 per cent. The weight of moisture 
in 1 cu. ft. of saturated air at 90° F. is shown by curve F to be 15 grains 
per cu. ft. Hence, for 50-per cent. relative humidity, the weight of water 
vapor = 0.50 X 15 = 7.5 grains per cu. ft. 

6. Following upward from the 90° dry-bulb mark to the 80-per cent. 
relative-humidity line, the wet-bulb temperature is found to be 84.5° F. 
The moisture added = (0.80 — 0.50) X 15 = 4.5 grains per cu. ft. 

7. The intersection of the 75° F. wet-bulb line and the 80-per cent. 
relative-humidity line gives a dry-bulb temperature of 80° F. 

8. From Fig. 328, the states are: (a) Gaseous. (b) Gaseous. (c) 
Liquid. (d) Gaseous. 

9. From Fig. 329, the states are: (a) Gaseous. (b) Gaseous. (c) 
Liquid. (d) Gaseous. 


SOLUTIONS TO PROBLEMS ON DIVISION 11 


STEAM AND OTHER VAPORS 


1. As given in Steam Table 394 for 20 lb. per sq. in. abs., h = 196.1 
B.t.u. per lb. and L = 960.0 B.t.u. per lb. Then by For, (242), the heat 
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content of 1 1b. of wet steam = Hw = h + xL = 196.1 + (0.928 & 960) = 
196.1 + 890.9 = 1,087 B.t.u. per lb. Heat in condensate at 60° F. is h 
at 60° F. which by interpolating the values given in Steam Table 394 is 
found to be 28.08 B.t.u. Heat given up by 1 lb. of steam = Hw — h at 
60° F. The total heat given off during condensation = 1,500 (Hw — h at 
60° F.) = 1,500 (1,087.0 — 28.1) = 1,500 X 1,058.9 = 1,588,350 B.t.u. 

2. As given in Steam Table 394, temperature corresponding to 185 lb. 
per sq. in. gage is 381.9° F. Thus, the steam at 432° F. has 432°- 
381.9° or 50.1° F. superheat. Heat content of steam at 185 lb. per sq. 
in. gage, and 50.1° superheat is found to be, by interpolating the values 
given in Table 395: 

(1,235.5 — 1,223.9)10.1 
20 

Heat content of 1 lb. of water at 49° F. = 49 — 32 = 17 B.t.u. Then, 

heat added to 1 lb. of water = 1,229.8 — 17.0 = 1,212.8 B.t.u. Total 

heat added to 1,720 lb. of water = 1,720 X 1,212.8 = 2,086,016 B.t.u. 

3. As given in Steam Table 394 for 140 lb. per sq. in. abs., h = 324.6 
B.t.u. per lb. and L = 867.6 B.t.u. per lb. and for 2 lb. per sq. in. abs., 
h = 94.0 B.t.u. per lb. and L = 1,021.0 B.t.u. perlb. Then, by For. (242), 
heat content of 1 Ib. of wet steam entering turbine h + xL = 324.6 + 
(0.98 X 867.6) = 324.6 + 850.2 = 1,174.8 B.t.u. per lb. Heat content of 
1 1b. exhaust steam =h + xL = 94.0 + (0.81 X 1,021.0) = 94.0 + 827.0 
= 921.0 B.t.u. per lb. Heat absorbed from 1 Ib. of steam = 1,174.8 
— 921.0 = 258.8 B.t.u. 

4, By Table 394, the specific volumes of dry saturated steam at 140 and 
2 lb. per sq. in. abs. are 3.219 and 173.5 cu. ft. per lb. respectively. 
Hence, by For. (245), the specific volume of the entering steam = Vw = 
xVp = 0.98 X 3.219 = 3.154 cu. ft. per lb. Also, the specific volume of 
the exhaust steam = 0.81 X 173.5 = 140.5 cu. ft. per lb. 

5. From Prob, 3, the total heat of the entering steam = H, = 1,174.8 
B.t.u. per lb. and that of the exhaust steam = H, = 921.0 B.t.u. per lb. 
The specific volumes were found in Prob. 4. Hence, by For. (248), the 
internal energy of the entering steam = I, = H, — 0.185,2PiV, = 
1,174.8 — (0.185,2 X 140 X 3.219) = 1,091.3 B.t.u. per Ib. And, the 
internal energy of the exhaust steam = I, = Hy — 0,185,2 P2V2 = 921.0 — 
(0.185,2 X 2 X 140.5) = 869.0 B.t.u. per lb. 

6. As given in Steam Table 394, for 140 Ib. per sq. in. abs., ny = 
0.507,2 and ny = 1.067,5; for 2 lb. per sq. in. abs., nz = 0.174,9 and 
ny = 1.743,1. By For. (260) entropy for wet vapor =ny = nz + xnx 
Entropy of steam at beginning of expansion = nz + xny = 0.507.2 + (0.98 
X 1.067,5) = 0.507,2 + 1.046,1 = 1.553,3. Entropy of steam at exhaust = 
ny + xny = 0.174,9 + (0.81 X 1.743,1) = 0.174,9 + 1.411,9 = 1.586,8. 
The increase in entropy = 1.586,8 — 1.553,3 = 0.033,5.. The heat in 
the exhaust in excess of that which would be contained had the steam expanded 
isentropically = (difference in entropy) X (absolute temperature of exhaust 
steam) = 0.033,5 (460 + 126) = 0.033,5 X 586 = 19.63 B.tu. per lb. 


1,223.9 + = 1,229.8 B.t.u. per Ib. 
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7. Locate on heat-entropy chart (Fig. 343) the point at the intersection 
of the 160 lb. per sq. in. abs. pressure line and the 40° F. superheat 
line. Now follow down a constant entropy line, which is a vertical 
line, until the constant pressure line of 0.5 lb. per sq. in. abs. is reached. 
The point thus located lies between the constant quality lines 0.77 and 
0.78 at about 14 the distance between them from the 0.77 line. The 
quality is then 0.772 or 77.2 per cent. 

To find the quality after expansion by means of the tables, the entropy 
values are used since the entropy remains constant during the expansion. 
As given in Table 395, the entropy of steam at 160 lb. per sq. in. abs. and 
40° F. superheat is 1.592,8. Now the entropy at the end of expansion 
must be the same as that at the beginning, or 1.592,8; since it is a constant 
entropy expansion. In working a problem of this type it is generally 
well to draw a temperature-entropy diagram, it need not be to scale but 
ust to picture what occurs, as in Fig. 631. 


40°F Superheat. 


o 160 Lb. Per Sq. In. Abs. 

ci \ 
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Fig. 631.—Temperature-entropy diagram for problem 7. (Note not to scale.) 


By For. (265): 
Ry Ds 
i. ae 
As given in Steam Table 394 for 0.5 lb. per sq. in. abs., nz = 0.092,3 
and ny = 1.942,C- 
Then, the quality after expansion = 
ny — DL) (1.592,8 — nz) (1.592,8 — 0.092,3) _ 
x= 5 wee er ny = ic ee 
or 77.26 per cent. 
This value checks closely with that of 77.2 per cent. found by using the 
chart. 

8. From the heat-entropy chart (Fig. 343), the total heat of the supply 
steam = H, = 1,257 B.t.u. per lb., and the total heat of the steam after 
expansion = 958 B.t.u. per lb. Also, the quality of the steam after 
expansion = 83.7 per cent. Now, from Table 395, the specific volume 
of the supply steam = 2.68 cu. ft. per lb. and from Table 394 the specific 
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volume of dry saturated steam at 3 lb. per sq. in. abs. = 118.5 cu. ft. per 
lb. Hence, by For. (245) the specific volume of the steam after expan- 
sion = Vw = xVp = 0.837 X 118.5 = 98.2 cu. ft. per lb. Therefore, 
by For. (269), the external work = We = 778(H: — He) + 144(P2V2 — 
P\V,) = 778 X (1,257 — 958) + [144 X (8 X 98.2 — 200 X 2.68)] = 
197,860 ft.-lb. per pound of steam. 

9. Values for the solution of this problem are taken from ammonia 
table 400. By For. (242), the total heat before expansion = Hy: = h + 
xL = —44.2 + (0.10 X 535.7) = 9.4 B.t.u. per lb. Also, the total heat 
after expansion = Hw2 = —44.2 + (0.95 X 535.7) = 464.7 B.t.u. per 
lb. Therefore, by For. (275), the heat absorbed = Q = H, — H; = 
464.7 — 9.4 = 455.3 B.t.u. per pound of ammonia. Now, by For. (245), 
the specific volume before expansion = Vw, = xVp = 0.10 X 11.63 = 
1.163 cu. ft. perlb. Also, the specific volume after expansion = Vy2 = 
0.95 X 11.63 = 11.05 cu. ft. per lb. Hence, by For. (277), the external 
work = We = 144P(V2 — Vi) = 144 X 23.3 X (11.05 — 1.163) = 
33,173 ft.-lb. per pound of ammonia. 

10. As given in Steam Table 394, for dry saturated steam at 346° He 
h = 317.1 B.t.u. per lb. and L = 873.4 B.t.u. per lb. Hence, by For. 
(278), the quality = 
1,050 + 0.46T.—h _ 1,050 + (0.46 X 256) — 317.1 
L i: 873.4 
or, quality = 97.4 per cent. 


= 0.974; 


SOLUTIONS TO PROBLEMS ON DIVISION 12 


GAS AND VAPOR CYCLES 


Heat converted into work me 
Heat supplied from hot body 


1. By For. (283): Thermal efficiency = 


68,000 _ 
200,000 ~ 0.34, or 34 per cent. 
2. By For. (284): Coefficient of performance = ; 
Heat abstracted from cold body de S00), 008 — 3.20 


Heat equivalent of energy supplied 194,500,000 + 778 


: Ta — TN 2,800 — 60 
3. By For. (292), th =E=—* ) ~ 
y For. (292), the efficiency = E Ta = 3.800 + 460 


0.84, or 84 per cent. 


4. By For. (298), the coefficient of performance = T ae Te 7 
ARs, 
0 + 460 
G0) 0 lil 
5. According to the claim, the efficiency = Ie = 0.424 
44g X 18,000 ere 


A Carnot engine would by For. (292) have an efficiency = E = 


Tx —Te _ 2,700 — 850 
cL a a 700 4 460 = 0.586. Therefore, the claim does not violate 


the principle stated in Sec. 416. 
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_ 6. From the Mollier diagram, Fig. 3438, the total heat of steam at 150 
lb. per sq. in. abs. and 250° F. superheat = Hi = 1,324 B.t.u. per lb. 
Also, after isentropic expansion down to 1 lb. per sq. in. abs., the total 
heat = Hz = 954 B.t.u. per lb. From Steam Table 394, the heat of the 
liquid at the temperature corresponding to 1 lb. per sq. in. abs. = 
h, = 69.8 B.t.u. per lb. Hence, by For. (299), the efficiency = E = 
a ~ ra = Te = ua = 0.295, or 29.5 per cent. 

7. Since, in the Rankine cycle, the work done per pound of steam is— 
For. (302)—H, — Hz, in this problem the work = 1,324 — 954 = 370 
B.t.u. per lb. of steam. Now, since 1hp.-hr. = 2,545 B.t.u., the necessary 
weight = 2,545 + 370 = 6.88 lb. per hp.-hr. 

8. Since 1 gal. (231 cu. in.) of water weighs 8.33 lb., 5 lb. cf water will 
occupy 231 X 5 + 8.33 = 138.8 cu. in. This is volume Ve, Fig. 377. 
Now, the displacement volume = 0.785 X 6 X 6 X 15 = 424 cu. in. 
Hence, Vz (Fig. 377) = 138.8 + 424 = 562.8 cu. in. Therefore, by 


ka 14-1 
For. (307), the efficiency = E = 1 — (7) =e (Fess 


Ve 562.8 
= 0.429 or 42.9 per cent. 

9. The clearance volume = 0.05 X 6 = 0.3 cu. ft. Hence, point F, 
Fig. 381, represents a volume of 0.3 cu. ft. and a pressure of 100 lb. per sq. 
in. gage or 114.7 lb. per sq. in. abs. The pressure at point A, Fig. 381, is 
5 lb. per sq. in. gage or 19.7 lb. per sq. in. abs. To find He volume at A, 

1 
use For. (235) thus: Va = ve(B)" = (8 sae Z 
Hence, the low pressure capacity = 6 + 0.8 — 1.16 = 5.14 cu. ft. Now, 
by For. (810), the volumetric efficiency = (Low-pressure capacity) + 
(Displacement volume) = 5.14 + 6 = 0.857 or 85.7 per cent. 
10. The clearance volume ee Fig. 381) = 0.04 ‘ 8 = 0.32 cu. ft. 


14. 
By For!” (235);¢ Vee a ’) = 0.32 ered 7)ia =H117- campo 


Low-pressure capacity = Ve — Va = (8 + 0.32) — 1.117 = 7.208 cu. ft. 

11. By For. (311): P = W/P:P: = V/(14.7) X (110 + 14.7) = 42.8 
lb. per sq. in. abs., or (42.8 — 14.7) = 28.1 1b. per sq. in. gage. 

12. Letting Figs. 385 and 386 represent the cycle (but understanding 
that compression is adiabatic instead of polytropic as shown in these 
figures), the given data is: Tp = 34° F Pz =Pp = 40 lb. per sq. in. 
gage = 54.7 Ib. per sq. in. abs. Pc = Pg = 130 lb. per aq. in. gage = 
144.7 : esl sq. in. abs. Zs = 70° F. By For. (236), Tz = 


mh cu. ft. 


i ee, tah 
B47 \ : 
Ts Beye = =(70 + 460)( a4) 1 = 401° F. abs., or Ts = — 59°F. 


-—1 -—1 
Pe 144.7 Lag 
Also, Tc = To Pp By = (84 + 460)( BA. as = 652° F. abs., 


or Tc = 192° F. Hence, for 1 lb. of air, the heat abstracted from the cold 
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room = Cre(Tp — Tx) = 0.002,41 X [34 — (—59)] = 0.224 B.t.u., and the 

heat rejected to the cooling water = Cpe(Tc — Tz) = 0.002,41 K (192 — 

70) = 0.294 B.t.u. Also, the work done = (heat rejected by cooling 

water) — (heat abstracted from cold room) = 0.294 — 0.224 = 0.07 B.t.u. 
Hence, by For. (284) the coefficient of performance = 

Heat abstracted from cold body Ae 0.224 =32 

Heat supplied as work 0.07 ize 

13. Weight circulated = 2,000 + 0.224 = 8,930 lb. per hr. Power = 
8,930 X 0.07 = 625 B.t.u. per hr., or 625 + 2.545 = 0.246 hp. 

14. By Table 400, the pressure corresponding to 80° F. is 153.9 1b. 
per sq. in. abs., and the pressure corresponding to 20° F. is 47.75 lb. per 
sq. in. abs. 

15. Referring to Fig. 387, the heat abstracted is represented by the area 
B BCC’ which is numerically equal to He — Hz. Now, from Table 400, 
He = 543.7 B.t.u. per lb. Also, He = ha (which, from Table 400) = 
47.8 B.t.u. per lb. Hence, heat abstracted = Hc — Hg = 543.7 — 
47.8 = 495.9 B.t.u. per lb. Therefore, to abstract 2,000 B.t.u. per hour, 
there must be circulated: 2,000 + 459.9 = 4.04 lb. per hr. 

Shaft output _ 9,537 
Indicated work 11,220 


16. By Sec. 434, the mechanical efficiency = 


0.85 or 85 per cent. 


17. By Sec. 434, the mechanical efficiency = Indicated work _ 


Shaft input 

3,300 X 200 
25 X 33,000 
18. By Steam Table 394, the temperature of dry saturated steam at 
115.3 lb. per sq. in. gage or 130 lb. per sq. in. abs. is 347.4° F. At 0.3 Ib. 
per sq. in. gage or 15 lb. per sq. in. abs., the temperature is 213° F. 


Hence, by For. (292), the ideal Carnot efficiency = E = ie 


Ta 
aia aa F 7any = 0.166,6 or 16.66 per cent. From the Mollier chart 
(Fig. 343), the total heat of dry saturated steam at 130 lb. per sq. in. abs. = 
H, = 1,191 B.t.u. per lb., and after isentropic expansion to 15 lb. per sq. 
in. abs. the total heat = Hy = 1,034 B.t.u. per lb. By Steam Table 394, 
the heat of the liquid at 213° F. = h, = 181 B.t.u. per lb. Hence, by 


= 0.80 or 80 per cent. 


For. (299), the ideal Rankine efficiency = E = = = a = 
1 aay 2 
1,191 — 1,034 f 
1,191 Spe 0.141,4 or 14.14 per cent. By For. (317) the cylinder 
Bevis pe Indicated work 1380 X 2,545 = 0.531,5 


Work of theoretical engine  3,965(1,191 — 1,034) 
or 53.15 per cent. By For. (314), the actual thermal efficiency = 


Indicated work _ 1380 X 2,545 = 
~ Heat input. ~ 3,965 G.(1,1901 — 181) © 0.075,2 or 7.52 per cent. 
By For. (818), the mechanical efficiency = Shaft ad ET = 0.924 


Indicated work 130 
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d Shaft output 

or 92.4 t. By For. = = 
r per cen y For. (815), the overall efficiency Heaninnu 

120 X 2,545 


3,965 X (1,191 — 181) 


= 0.069,4 or 6.94 per cent. 


SOLUTIONS TO PROBLEMS ON DIVISION 13 


FUELS 
1. Total content by percentage, eliminating moisture = = 25.00 + 


: 
57.35 + 5.15 = 87.50 per cent. a = 28.55 per aE volatile; A Tne 


87.50 P87 B0.00 
65.55 per cent. fixed carbon; one = = 5.90 per cent. ash in the Dry Coal. 
Total content by percentage, eliminating ash = 28.55 + 57.35 = 85.00 per 
t gE DB 33.25 per cent. volatile BOD pr. 66.75 per cent. fixed 
cent. oF 99 = 33.25 p : - 9599 ~ 06-75 Pp setts 
carbon; in the combustible. - 
2. 33.25 _ = 0.5. From Fig. 407, it is found that a coal having ratio of 


volatile to fixed carbon of .5 has a heating value of approximately 15 400 
B.t.u. per lb. of combustible. 

3. Ratio of volatile to carbon in the first instance = 164 = 0.25. From 
Fig. 407, this ratio shows a heating value of 15,850 B.t.u. per lb. of com- 
bustible. The ratio of volatile to carbon in the second case= 4% 9 = 
0.8. Fig. 407 shows this ratio to produce 13,900 B.t.u. per lb. of com- 
bustible. Now, the first coal is 16 + 64 = 80 per cent. combustible, 
whereas the second is 40 + 50 = 90 per cent. combustible. Hence, the 
heating value of the first coal = 0.8 X 15,850 = 12,680 B.t.u. per pound. 
Also, the heating value of the second coal = 0.9 K 138,900 = 12,510 B.t.u. 
per pound. Therefore, if only heating values are considered the first 
coal would be chosen. 

4. The second sample has less water and ash than the first. 


SOLUTIONS TO PROBLEMS ON DIVISION 14 
COMBUSTION 


1. By For. (829), the weight of ar ae pound of fuel burned, Wa = 


N 
eee ee ——— = 22. b. 
Se eC OSS CO 3.036 X08 X gy ae: 


2. By For. (330), the percentage of excess air above that which is theoreti- 
cally required, X, = 


x le S t) 
— 1 100 = 
N — 3.782(0 — 44CO) ) 6 — 3.78277 — 4%) x 
100 = 41.3 per cent. 
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3. By For. (331), the weight of dry fine gases per pound of coal burned, 
Wr = [a + 80 + 7(CO <M \e a 


3(CO, + CO) 
11X*8+8X7+7 X(1+ 84) he S| & 
| 3x (8 +1) | xos =[ a7 x 0.8 = 


21.90 1b. 
4. By For. (834), the heat lost for each pound of coal purned due to the 
unburned carbon monoxide. 
(6f6) . es 
Heo = 10,220 X Ga Coie 10,220 X gi X 0.8 = 908 B.tu. 
SOLUTIONS TO PROBLEMS ON DIVISION 15 
STEAM POWER PLANTS 


1. By For. (342), the efficiency of the boiler, furnace and grate = E = 
On ers 000L 
‘H s11,450 

2. From the steam tables (Table 394) it is found that the total heat of 
dry saturated steam at a pressure of 150 lb. per sq. in. gage, is 1,195 B.t.u. 
per lb. But since the eedwater was admitted to the boiler at a tempera- 
ture of 210° F. each pound of feed water contained 210 — 32 = 178 B.t.u. 
Therefore, the net heat which was absorbed by each pound of water in the boiler 
= 1,195 — 178 = 1,017 B.t.u. For each pound of coal fired, 55,120 + 5,350 
= 10.30 lb. of steam was formed. ‘Therefore, for each pound of coal which 
was consumed, the boiler absorbed 10.30 X 1,017 = 10,475 B.t.u. By For. 

j : Qs _ 10,475 _ 
(342), the efficiency of the boiler, furnace and grate, E = HO 15,300 ~ 
0.787 or 78.7 per cent. 

3. The length of stroke = 22 + 12 = 1.83 ft. The effective piston 
area of the head-end = (16 X 16 X 3.14 + 4) = 201 sq. in. The 
effective piston area of the crank-end = 201 — (area of the piston rod) = 


201 — (2X 2 X 3.14 + 4) = 201 — 3.14 = 197.86 sq. in. By For. (348) 
the indicated horsepower developed in the head-end of the cylinder, P = 


PLAN _ 59 X 1.83 X 201 X 200 _ 131.5h 
33,000 33,000 ae 
By For. (343) the indicated horsepower developed in the crank-end of 
: PLAN _ 59 X 1.83 X 197.86 X 200 
the cylinder, P = 33,000 ~ 33,000 ol 29:4 ap: 
By Sec. 504, the total indicated horsepower = 131.5 + 129.4 = 260.9 hp. 
4. By Prob. 2, there was generated 55,120 lb. of steam during the 
10 hr. period, or 55,120 + 10 = 5,512 Ib. per hr. If only 94 per cent. of 
this amount is consumed by the engine, the engine consumption = 
5,512 X 0.94 = 5,181 lb. of steam per hour. From Table 394, the total 
heat of dry saturated steam at a pressure of 145 lb. per sq. in., gage, is 
1,194.5 B.t.u. per lb. From Table 394, the heat of the liquid correspond- 
ing to the temperature of 220° F. is 188.1 B.t.u. per lb. By Prob. 3, the 
power developed within the engine cylinder was 260.9 hp. If 90 per 
cent. of this power is delivered to the shaft, the brake horsepower = 
260.9 X 0.90 =234.8 hp. By For. (344), the thermal brake efficiency, 
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E= 2,545 X Pa _ 2,545 X 234.8 _ 597,566 
Ws(H — h) 5,181 X (1,194.5 — 188.1) 5,214,158 
11.4 per cent. 

5. From the solution to Prob. 3, the indicated horsepower was 260.9 i.hp. 
From the solution to Prob. 4, the steam consumption was 5,181 lb. per hr. 
Therefore, by Sec. 507 the water rate, which is the number of pounds of 
steam required to develop one unit of energy or 1 ihp., = 5,181 + 
260.9 = 19.8 1b. of steam per indicated horsepower hour. 

6. By the solution to Prob. 2, the total heat of the steam generated in 
the boiler was 1,195 B.t.u. per lb. By For. (845), the fuel saving, X = 

CBP yy (210 — 70) _ 140 
He (7; — 32) 1105 — (70 — 82) 1,167 

7. By Prob. 3, the weight of coal consumed during the 10 hr. period 
was 5,350 1b. From the solution to Prob. 2, the total average indicated 
horsepower developed during the test period was 260.9. Therefore, the 
total energy in horsepower-hours developed within the engine cylinder 


for the 10-hr. period = 10 X 260.9 = 2,609 hp.-hr. By For (846), the 


overall efficiency, W = Uli al doye 2.05 1b. of coal per indicated 


e 2,609 
horsepower-hour. From Prob. 2, the heating value of the coal was 13,300 
B.t.u. perlb. By For. (847), the overall efficiency, Q =H XW = 13,300 
X 2.05 = 27,265 B.t.u. per indicated horsepower-hour. By For. (349) 
2,545 
27,265 

8. From Fig. 487, the average height of the indicator diagram is 0.723 
in. Since the scale of the spring is 50, the mean effective pressure = 
0.723 X 50 = 36.15 lb. per sq. in. 


= 0.114 or 


= 0.121 or 12.1 per cent. 


the overall thermal efficiency, Er = = 9.3 per cent. 


SOLUTIONS TO PROBLEMS ON DIVISION 16 


INTERNAL-COMBUSTION-ENGINE POWER PLANTS 


: 2 14 16 X 16 , 
1. The area of the piston = = ou ae oO 5 201 sg. in. 
A Diesel engine running at 200 r.p.m. will have: 200 + 2 = 100 work 
strokes per min. By For. (351), the indicated horsepower for each cylinder, 
PLAN | 106 X 2 X 201 X 100 : : 
— eS = . . hi 
P 33,000 33,000 129.1 hp. Since the engine 
has 4 cylinders, the total indicated horsepower = 4 X 129.1 = 516.4 hp. 
Dyathon (icra trakewepeceun He ot ae 
2. By For. (352), the thermal brake efficiency = 15,400 X 128 
356,300 
1,971,200 
a@LN 


3. By For. (353), the brake horsepower: Ps = ( PF oem ka). For 


this engine, d? = 7.5 X 7.5 = 56.25. L=12. N =300. kj=1. By 
Item 5 under For. (353), ki = 16,400 and k, = 0.5. Therefore, 


= 0.180, or 18 per cent. 
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56.25 X 12 K 300 
16,400 
11.8 hp. Such an engine would probably be rated at 12 hp. 


SOLUTIONS TO PROBLEMS ON DIVISION 17 
BUILDING WARMING 


1. The total exposed wall area, A = (14 + 18) X 10 = 3820 sq. ft. 
The volume of the room, V = 14 X 18 X 10 = 2,520 cu. fet. 

By Table 569, N = 2. By For. (861,) the total heatloss, Qr= (Ag + 
0.25A + 0.02NV)T = (100 + 0.25 X 320 + 0.02 X 2 X 2,520) X 70 = 
19,600 B.t.u. per hr. for a south room, but since the room has a southeast 
exposure, this value should (Table 571) be multiplied by 1.05. Or, 
1.05 X 19,600 = 20,580 B.t.u. per hr. is lost. 

2. By Sec. 573, 0.02 B.t.u. will raise the temperature of 1 cu. ft. of air 
1° F. Therefore, the quantity of heat required to raise 30,000 cw. ft. of air 
70° F. = 0.02 X 30,000 X 70 = 42,000 B.t.u. 

3. The allowance should be based on a 0-to-70° F. temperature raise 
By For. (355), the allowance = Qa = 2,520n = 2,520 X 150 = 378,000 
B.t.u. per hr. 

4. The cubical capacity of the room = 20 X 20 X 10 = 4,000 cu. ft. 
By Table 569, about 2 complete changes of air will occur per hour, or. 
2 X 4,000 = 8,000 cu. ft. of fresh air, which will be supplied per hour by 
infiltration. This will provide ventilation for: 8,000 + 1,800, or 4 
persons. 

5. By Sec. 559, the quantity of heat given off by 40 persons = 40 X 
400 = 16,000 B.t.w. per hr. 

The rate of heat emission of the line shaft = 75 X 2,545 = 190,950 
B.t.u. per hr. 

By Sec. 576, the rate of heat emission of the electric lamps = 16 X 100 X 
3.415 = 5,464 B.t.u. per hr. 

The total heat emitted per hour within the room is, then, = 16,000 + 
190,950 + 5,464 = 212,414 B.t.u. 

6. The quantity of coal required, if the furnace was 100 per cent. efficient 
would be: 50,000 + 11,500 = 4.35 1b. per hr. Since only 55 per cent. 
of the heat of the coal reaches the room, the coal consumption must be: 
4.35 + 0.55 = 7.9 lb. per hr. 

7. By Table 394, steam at 2.5 lb. per sq. in. gage has a temperature 
of about 220° F. By Fig. 517, K, for a 4-column 44-in. radiator, = 1.4 
B.t.u. per sq. ft. per hour per degree temperature difference. 


the brakehorsepower = - 0.5) X1 = 12.3 -0.5 = 


By For. (362), the requi py eet 
By For. (362), the required radiator area, A K(t —T)) 
158,000 Mg 
Tex G20 =70) 
8. By For. (366), the requisite grate area, A = a a 
1.25 X 1 
ae la 3.27 sq. ft. 


12,500 X 7 X 0.69 
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9. By Sec. 601, 1 boiler hp. is equivalent to 33,479 B.t.u. perhr. There- 
fore, the boiler should have a rating of (1.25 158,000) + 33,479 = 5.9 
boiler hp. 

10. By For. 367, the volume of air required to warm the room, 
55Qr  _ 55 X 70,000 
(T, — T. ae 135 65 55,000 cu. ft. per hr. 
11. The quantity of air recirculated, Vc = 0.20 X 55,000 = 11,000 
cu. ft. per hr. The quantity of air brought in from the outside, Vo = 
55,000 — 11,000 = 44,000 cw. ft. per hour. By For. (371), the ratio, X = 
i — 1o)Vo + (Tr.— 13)Ve 
(Vo Voy 1-72) zr 
(180 — 0) X 44,000 + (180 — 65) X 11,000 = 2.38 
(44,000 + 11,000) X (135 — 65) Pies 

12. By Prob. 11, X = 2.388. By For. (872), the grate area, A = 
XQr _ 2.38 X 70,000 _ 2.9 sq. ft 
HWE  11,000x8x065  “" °2-/ 


V= 


SOLUTIONS TO PROBLEMS ON DIVISION 18 
REFRIGERATION 


1. The lowest temperature that can be obtained by surface evaporation 
is the wet-bulb temperature. From the psychrometric chart, Fig. 323, 
Div. 10, the wet-bulb temperature can be found when two properties 
are given, such as dry-bulb temperature and relative humidity. The 
point of intersection of the dry-bulb temperature line and the relative 
humidity line is found and then the wet-bulb temperature is read on the 
inclined ‘‘Wet-bulb Temperature” line. Thus for this problem, the 
intersection of the 70° F. dry-bulb temperature line and the 0.40 relative 
humidity line is determined. Following along the inclined line to the 
left, the wet-bulb temperature is found to be 55.8° F. Thus the lowest 
temperature that can be obtained by surface evaporation is 55.8° F. 

2. Heat absorbed in 24 hr. = (520 X 0.7 + 900)24 = (364 + 900)24 
= 1,264 X 24 = 30,336 B.t.u. Since 1 Ib. of ice will absorb 144 


B.t.u., the ice required in 24 hr. = ate = 
I Sel 14-1 
1 2\\ ae 20 Ne 
8. By For. (236), Ty = 1,(5’) i = (460 + 100)( 19, vee 


560 X 0.49-285 = 560 X 0.771 = 481.7° F. abs. or —28.3° F. 

4. The pressure on the water must be the vapor pressure correspond- 
ing to the boiling temperature. The vapor pressure corresponding 
to the boiling temperature of 50° F. can be found by interpolating 
the values given for 32° F. and 59° F. in Table 394. Thus, the pressure 
that must be imnosed on the water for it to boil at 50° = 0.088,6 


+ [1 247,2 — 0.088,6) X = 5 | = 0.088,6 ++ (Gas 


0.088,6 + 0.105,7 = 0.194,3 lb. per sg. in. abs. 
44 
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5. Heat absorbed by 1 lb. of anhydrous ammonia is equal to the 
difference between the total heat of the saturated vapor at 29.95 lb. per 
sq. in. abs. and the heat of the liquid at 80° F. From Table 400, the 
total heat of dry saturated ammonia vapor at 29.95 lb. per sq. in. abs. is 
found to be 538.5 B.t.u. per lb. The heat of the liquid ammonia at 
80° F. is found from the same table to be 53.6 B.t.u. per lb. Then, the 
heat absorbed by 1 1b. of anhydrous ammonia = 538.5 — 53.6 = 484.9 
B.t.u. Ammonia vaporized per hour = Hee = 20.65 lb. per hour. 

6. The minimum pressure in the condenser is that which corresponds 
to a boiling temperature of 70° F. From Table 400 the pressure under 
which ammonia boils at 70° F. is found to be 129.2 lb. per sq. in. abs. 

7. Heat absorbed = Heat required to cool water to 32° + Heat required 
to freeze water into ice + Heat required to cool ice = (70 — 32) + 144 + 
0.5(82 — 20) = 178 B.t.u. 

8. Heat absorbed in 24 hr. = 260 X 2,000 X 5 = 2,600,000 B.t.u. 
By definition, 1 ton refrigeration = 288,000 B.t.u. per 24 hr. Then 
2,600,000 
288,000 


capacity required = = 9.04 tons refrigeration. 


Heat extracted from cold body _ 
Indicated work of compressor 


2.36. 


9. Coefficient of performance = 


288,000 # 
2 X (33,000 + 778) x 60 X 24 — 
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separating........---+-++-- 367 pressure-temperature...... 194 
Gaps cco Baio Ga Cote c 425 volume-temperature....... 195 
THROTTLING.....----- 353, 358 Cxarcoat, absorbing power.. 146 
formmul anaes aera. -eieta 366 Gefnitioner aes elect 419 
Can ice-making system....... 629 CHARLES’ LAW...0.02-.2-2-- 190 
Candle, locating leak........ 461 definitions iene 194, 197 
Carpon, combustion.......-- 440 MEAD Maeciodoo do noeoe Se aK, 319 
DIOXIDE, action of carbon on 444 pressure variation......... 231 
in Aue Pas... cle ee 448 Chart, psychrometric........ 305 
index of excess air......- 460 Chemical process, see Reac- 
refrigerant........------ 609 tion. 
VAPORS On eee ie 368 “Chimney drait.............- 220 
tablesuscstnes ee ee 372 Circuit, refrigeration system.. 613 
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Pagan Paen 
Clanny-type lamp........... 103 COMBUSTION.......2.5.. 439-463 
Clock pendulum, see Pendu- chambers. ao. eresn eee 466 
lum. converting chemical energy 
Cloudsig. epee eee 307 into heatee eee eee 66 
Coat, see also Combustion, definitions. 4 neers 25, 439 
Fuel, Calorimeter. Compensators, thermo-couple 649 
analy sisheprer seas 428, 482 Compound bar principle... .. 161 
INN MEO WNT 55 565 00nbo Fox 435 ComprREssIoN, fuel ignition... 514 
combustion rate........ 460 gas, see Gas. 
BITUMINOUS Heer ener 435 ISCNCLO DIC eenaee eee 353 
combustion rate........ 460 PLESSULC 2%, vay co ee 525 
burning, boiler furnace.... 460 PROCESS, merits........... 620 
Calorimeter. eect ae 433 refrigerations ss 4-eneee 611 
classification’. ............ 435 stress, due to heating...... 183 
combustiblein............ 431 BtTOK6....9.s6:50, ae ee ee 522 
COMBUSTION. .2 nose see: 447 Compressive stress.......... 179 
TE oe Aen o Gas tes 459° (COMPRESSOR.”. ...1.0, ones 244 
COMposition.........s:40. 440 BIT 35: cee eres Cen ee 403 
distillatione eae eee 311 AMMONIG a4 ke eee eee 616 
fragment, microscopic en- definition = eee 402 
largements «kien 418 vapor compression........ 611 
FIT clei bic tao aay acpi 424 Comstock & Trowland, on 
hard ss. see et ec eee 435 atoms and molecules... 37 
HEATING VALUE, formula... 445 Condensate pump........... 491 
STAD Des wreiaoccus aT 432 CoNnDENSATION, cause........ 281 
OTIZIN cs. eae ee ee 418 Gefnitions eee 140, 275 
Coal, mine, section.......... 60 moisture in airs. eee 307 
CoEFFIcIEntT of elasticity.... 181 steam-heating plant....... 571 
of performance, see Per- NAD OR sx 5, Maa icler oy ee 299 
formance. CoNDENSER, AMMONIA....... 611 
Coils, cooling, ice making.... 275 atmospheric¢. ccc. tch do: 613 
COKM eS e eee 419 double-pipe ee ee Me 614 
plant, by-product......... 311 submerged. 0. a+ cee 613 
Cop, definition............. 49 Operation... 6 eee 491 
STORAGE, Dexter system... 603 simple, illustration........ 141 
Jackson system......... 598 - STEAM, barometric........ 489 
room thermometer...... 641 ClCCHON ssc) eae ee 276 
“College Chemistry,” Smith, Elliot-Erhart............ 490 
A. on solubility....... 148 function aot. ace eee 488 
Collierysn recto ee rn aeee 419 Conpuctancs, see also Resis- 
Color sensation ink os.entee 154 tance. 
Combination graduations, definition -.. sk Moree 102 
pressure gages........ 661 FOPMIULS | xe eee eee 110 
CoMBUSTIBED Nene eee 431 Unit ccc a eee 105 
DUTnIN geo eee 442 Conpuction, definition...... 97 
In \aghestin. iors OER Re ee 415 HAT HOW. aaccsceknte 111, 114 


Change, isothermal. 
DIOCESSER aaNet likens 
volume change, see Change, 
tsometric. 
ConsTANT entropy expansion. 350 
Contact resistance, see Hesis- 
tance, external. 
ConTRACTION, castings, effect 177 


140 


BL NAONiy 5 ooo oRO adc 50 0.0 137 
external work. «60.2... - 139 
LUNE AT LOLOVULA, selections 168 

Pal Geri esas synteuabeicstene she 178 
TESETAING Cheerios sities sie ex 179 
solids, see Solids. 

ConvEcTION currents, air.... 117 
definitions acto ee 114 
heat transfer, utilization... 117 
TOOM WATMING. s.r 541 
Wentilavionirtes task 118 

Cooler, weak-liquid.......... 618 

Cooutne buildings...... 594, 599 
Cholsbiroyatenins ove can oo ncoe 596 
by compressed-air expan- 

BOM yon ctctekustenaiteaeete 624 
coils, ice making.......... 275 
medium, vapor compres- 

Oils sho sea oaroe yan 611 
TOWER, illustration......-.. 273 

MISO Rahat cree oo Sienna 489 

Cooper brine system......... 605 

Corncobs as fuel........---- 418 

Crane Co. expansion valve.... 614 
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ConpucTIon, HEAT, Continued. Crort, T. on air draft........ 219 
loss from building....... 542 on boiler classification..... 470 

-, TE Eeiea Seccmiane meio ors Se 100 ONSCOMVECtION= mee aes) 119 
DOWEL MOwirrer ore cin Li, iL: onbdratticagesmecis seers: 656 
room warining..........-. 541 ‘on elasticlimitiece..cr. «0 182 
Conpvucrivity, definition.... 106 ONMCLECEYONA We reais al erehaae 38 
building materials......... 543 on engine tests: .........-< 531 
ConpucrTor, see also Insula- on engines and turbines.... 475 
tors. on evaporation............ 271 
LECLERC Ree crors ls Meier eedclenoteieves 155 on filamentsmsnee oc ote 155 
IRGEMS G6 bee tone reo cro ao 99 on gravity-operated trap... 484 
pressure change, see Change, ON ANGICALOLS we else ieee 662 
isobaric. on radiant energy......... 152 
TEMPERATURE change, see on scale in boilers......... 150 


on steam power plant de- 


a (SI sir otpaseofic A EIOO D 484 

on vaporization........... 269 
Crosby indicator..:.....--.. 663 
Crystalline structure......... 255 
Cy Crnn@ainotie eee eer 386 

COM PLeESSOV ea) -)ehs «severe iene 402 

GehnrbOnnceeaein slept 375 

GIAGTAM epee iekk tte eter 381 

TDLESE] bius Meesate aye deere 401 

Chi CleENCY;.. rte eee eee 379 

PAS oem ste steer ores 375-416 

non-expansive engine...... 382 

Ottowas eS ote ee fee eee 399 

Mertecbier os tees-corsi eieer-ronstees 386 

pseud Ome. seercietecks ote 376, 382 

Vamnikame Meets alelen aces tartans 393 

refrigerating machine...... 407 

steam) ENPINe..... 45 «sets 397 

EXUC ere re Se eee 376 

MADOL sheik ons ote 375-416 
CYLINDER, ammonia-compres- 

(S10) Cee ONG 0.5 OOS Ue 615 
internal-combustion-engine 534 
BUCATNWEN GING mca <storeyst eters 32 

D 
Da.Ton’s LAW of gases...... 250 


OlGvADOTSe signatories 279, 283 
Darcetisimetalse. «ce caeistet - 
Davis, H. N. on saturated 
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Davis air valve. ania ee 1645— Economizere aaa eee 495 
Davy, lamipess ise eee 103% Hiilectivesworke eee ee 230 
Day & Night Solar Heater Co. Errictency, mechanical..... 411- 
on sun heating........ 61 thermal, see Thermal. 
Dead-weight gage tester..... 660 volumetric, compressor.... 404 
Defender Automatic Regula- Einstein, A. on zther........ 39 
tor Co., draft gage.... 655 Ejector jet condenser........ 489 
De La Vergne engine........ 0280>) Hlasticulinnit epee 182 
Dense-air refrigerating ma- Elasticity, coefficient........ 181 
chiie Stay. 0a eee. 408 HELmcrric.current........... 25 
Density, critical, o.5..22046. 314 WELVCSirats cia ssc tive ota oreo 152 
defi tion. sa st eh 215 Electrons, definition......... 37 
SASCS eniassnsbet ae sete eee 217 Eement, definition......... 36 
Desiccatorn si see. Ore. 429 symbols, table............ 37 
Destructive distillation...... 311 “‘Elesco”’ superheater........ 322 
DEN OE Scie tomes Pe oe 307 Elliot Co. feed-water heater.. 493 
Dexter cold storage.......... 603  Ellot-Erhart condenser. _. .., 490 
Diaphragm type, pressure Endothermal process........ 134 
BALOS said ven toate eh G59) TINDER GYAAAGaRle Saba ean 1-34 
Dinsni CYCLE. 55. -4e. 526, 530 CHEMICAT tre sachet eran eet ae 24 
definitions... 4h. eee 401 fla s2s,, oA wR ee 425 
BN GIN E roc tine oro eee eee 528 CONVETSION Rea aaa ert eee 26 
horsepower rating....... 536 definition 250 )Secis ae 21 
indicator diagram....... 401 distinct from work........ 29 
thermal efficiency....... 533 distribution, steam plant... 73 
DIsGREGATION heat......... 47 BLECDRIC AT yc. sceness Meee 26 
WORK cy acth state e a e 83 transformation into heat 64 
dehnitionad! sce wseenee 86 bi) os Eee ee 22 
AS voi ola aie Ma ERE 221 heat, see Heat energy. 
Dissociation, definition....... 133 internal, see Energy, 
Distillates..,.adcetes+«.. epee 422 chemical. 
Distillation sardas«;.ousseeeak 308 KAN EUIG can. 344.552 a 22 
DRAB r calers. 5 +5 te oer 218 ALE CHANTO@ AI © ar ce Settee 63 
artificial, apparatus........ 498 BSPALOS odes el ia ee 
UENO, Sore aris Sane a 220 CONVETSION ane eee 74 
RUT tr aA Er: Ryot Cte ee 655 definition 0 ccq eee 24 
gas density..... Neyeunte <tc 190 potentials: eee ene 22 
D-slide-valve steam engine. . 476 TAdlamite ck cre 20 eL20N 151 
E TRANSFORMATION.......... 23 
table ied CA 28 
Earru, internal heat......., 62 EB: a/cs9 kay Says ee 2 
section, gas and oil wells... 60 ENGINE AID. Ae ae ee 399 
Exsuuition, see also Vapori- Camhnatic:séiaresasenc ee 386 
zation, Evaporation, Dixrsex, horsepower rating. 536 
Boiling. indicator diagram....... 401 
definition, . vic cece 269 efficiency, perfect cycle.... 386 


steam power plant.... 503 
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Eneine, Continued. “Engineering of Power 
four-stroke-cycle.......... 617 Plants,” Fernald and 
gas, mixing fuel and air.... 509 Orrok on engine cost.. 535 
GASOLINE... ...+-....-0-. 585 Ennis on polytropic exponent. 248 
carbureting valve....... 512 _EXnrropy, see also Thermo- 
WAT, CYCLO. in 3'coteslane soa Ot 393 dynamics. 
GSoiM HON, G Aes ooo oecad 376 BDSOLUILEY,, 1. ste sarees Men 338 
OMICIONCY,. cine 377-411 definition ae eee 336 
high-pressure AT 528 TOCA a ttc, eee 338, 345 
TOCABON Ia eis aetna salt tee 662 Equations, thermochemi- 
INTERNAL-COMBUSTION..... 244 Gale. seo. haber RAN 135 
classification............ 517 + Ether, evaporation.......... 273 
compression pressure 525  HvaprorarTion, see also Vapori- 
COSU ERT AEM RS Oe 535 zation, Ebullition. 
cylinder cooling......... 584 definition: "ccs ane a 269 
Gefinitiont... 1 rise. 507 TALC eo eee cele nrevehe ane oie eis 283 
efficiency, thermal....... 531 SuUPPACE Rw. by. Settee Peels Se 599 
PUCLETSMIbIONN a ein eta Bild, eee Chan gerry ara octet eines 618 
PUG Srey Meter Ra ee eRe 508 ExHausT STEAM HEATING, 
POVEMMIN Oper «cine 515 PULLING ae eet 575 
horsepower rating....... 536 feed-waterinin et .alser tire 492 
indicator diagram....... 523 Dipinig eee oss rere 576 
ODerAtION Veriaatis VOR 530 #Exhaust stroke.............. 523 
SLATLINO seer a ae 518  Exothermal process......... 134 
EOSESN Cee es NHS Re 531 EXPANSION, adiabatic........ 350 
non-expansive, cycle....... 382 UTR ces cieacie wie wue teen or RA ve 138 
(OUR OR ae tae ie ee Ae RES 527 AREAL toeroetereteiae veut atedterer 165 
fuel-injection valve...... 513 definitions... ce. get eens 169 
@ctoreycles mactu sense ys 536 coefficient, computation.... 165 
PLANT heat balance........ 532 coil, vapor compression.... 611 
non-expansive.......... 385 constant-entropy.......... 350 
Rankine-cycle.:: .t 6. «ccs a 395 constant-heat............. 352 
BEMIS DIESE] fH kis Sa cslneelecaat ele 530 constant-pressure.......... 352 
SUMAN CYCLO nts, warententer shel: 397 CUBICATI a ter teh contre etaereumr 165 
Gylimd ens ccs + creeks tere 32 Cehmition + svar neer es 170 
D-slide-valve........... 476 Gennivioner. citer 137 
ANGICabOrsds. sae) hee 663 externaliworkuacdeee ste ese 139 
indicator diagram... 395-477 HTICTION Al s.7.cew cis close soe 224 
OQPCLALIOMeaesee1 lo eelererel= 474 gas, see Gas. 
reciprocating. .......... 482 ISEMUCOPICH ere ieee rirolselotare e 350 
two-stroke-cycle.......... 517 JOGA Enemas. ances ae 183 
“Engineering Bull.,” U. S. Tinea leet om teats) cere os 164 
Fuel Administration on ITO) Digs Gerd ad Uanbeno ance 50 183 
fuel heat content in TESCLAUMTC hee mers cuenta 179 


solids, see Solids. 
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Expansion, Continued. 
superficial, see Hxpansion, 


areal. 
tank coe 174, 564 
Chrottlin geen reece eee 224 
VALVE erecch ies cot Rare rereeere ars 609 
@ranei Commas eee 614 
volumetric, see Hxpansion, 
cubical. 
Exposure, coefficients........ 546 
EXTERNAL WORK............ 83 
definition. seo oe 87 
PAST Cea aD eee Cte 222 
hea tinctierae sete eee 47, 231 
F 
FAHRENHEIT and Centigrade 
SC alee js. ore res 58 
SCAle et As)...aeitn as Monee 51 
EWE an cel ence aR ean ors Biot tise 498 
Faraday on permanent gas... 313 
Feed water, gases, pre- 
expulsion eect 147 
Feed-water heater........... 492 


COSGi aap careereiec 535 

Féry radiation pyrometer.... 650 
FrRnghoe nsec ae eee 461 
protection systems........ 258 
thicknessia9 sw sirhessee ae 461 
Fireless cooker.............. 100 
Fireplace, open-grate........ 556 
Float feed valve............ 511 


Blowcoluheatn- secon. oe aes eo 


FLUE GAS analysis.......:... 449 
carbon dioxide............. 460 
carbon monoxide..... 453, 461 
COMPOSItION ane 448 
DRY, neat lOsss. see tes 455 

WOleh tae ctor nce 452 

HLUIGupLeSSUTC seer ae 5 

HOB sis leiahinsss ade eu deen ieee 307 

Forcn, see also Weight. 
definitions ere eee 1 


steam impulse and reaction. 481 
Forced-air circulation........ 627 


INDEX 


Paces 

Forgings, linear shrinkage, 
tables, sa. exes ee 178 

Franklin and McNutt on 
Specitiicshea tenes eee 76 
FREEZING, definition......... 255 
CeCe cekh eo err oe 160 
MIXTURES scts 27k toeieie eer 261 
cooling bYyaeee ener 599 
temperatures obtained... 604 
POINT sy. seme ces eee 255 
tablesiwacs aes ese eee 260 
pressure effect..:.2....... 262 
tank: ..2h.acceee ere ee 630 
EOSt)75 ateee ear eee 307 

Fur., see also Calorimeter, 

CODD fester 417-438 
aualysis oases cee een 425 
briquetted|... .asecen foes 419 
BURNING, air supply....... 451 

buildings sane 539 
calorific valuese.epe eee 440 
calorimeters amet arene 433 
CHEMICAL ENERGY......... 425 

In boilers sat. eee 452 
classifications. eee 417 
COMBUSTIONS 7-year eee 508 

OXY LENE saa cera 446 
CONSTITUENTS, combustion. 440 

table 35 koe, eee 426 
definition een tae 417 
economizer... 27.2.2.) 492, 495 
GASEOUS 1.2... aaa eee 423 

internal-combustion 

engines x, <a ae 508 
heat contentessas eee 503 
heavyeliquid seas 513 


tables «cn teanvs doen 426 
ignition, internal-combus- 
tion engines.......... 514 


ignition temperature....... 439 
injection valve............ 513 
internal-combustion engines 508 


LIQUID ee aay eet ee 508 
naturales siete eset 420 
DRE sou uonbensauuc 422 
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Fugu, Continued. 

mixing with air........... 508 
Oli AMEE iE eae Eos Wad 513 
quality, determination..... 427 
saving, feed-water heater 495 
BELCCHOM cca, 013 unser sci RO 436 
BOM Ao okaaeieey Amat: 418 
unburned in ashi...) .0.00'- 453 

Fuller Lehigh Co., Sterling 
Dotlerts eee 471 


Fuller Warren Co., water pan 553 
Furnace, see also Boiler fur- 
nace, Warm-air furnace. 
heat carried out by flue gas 454 
temperature, determination 83 
Fusion, see Melting. 


DY LOMECLErAn eid tone 258 
G 
Gaap, see also Pressure gage. 
CalioratlONeer ie. eee ee 660 
MI OLCUN des 3 cic wie onc os A thee et 14 
IDECSSULG a .ifetcraio. alaftuertiote ne 16 
BIDOONS ee aercis. kt Slee 658 
BUCA eperye cacy ncitercennete 15 
GOS LCIrcsgeh res ote eicie eke ahs mocicts 660 
VAC ULUILIN eran, atctteseriethotelle. asauerlotes 14 
Gas, see also Flue gas, Coal gas. 
ADSOLptION teres san 144 
PN Ses shke BL ete ee ae 425 | 
CVUTOTE LAOS Wer Be eee Ae one 509 
blaststurmseesc «occ. ssices: 424 
CHANGE isentropic adiabatic 242 
ISODATICM I, «sence cotta 237 
NSOMMELTIC eatin. us, ole ocecsa 235 
isouhermalene seni not 
Oly trOpICMan er eeoete er 245 
circulation, boiler......... 118 
COMPRESSION aa ssc\oemen sie 189 
ACAD atIC rir. oie ie tee 243 
BOVE Sa Weksce cinco cones 191 
WOT ere et arte ote 228 
COTM PTCSSOT aes ssiclss als voronseiens 244 
CONDITION change......... 235 


Gefinition pacemaker 188 


Pacs 
Gas, Continued. 

CONSTANTS. aetarote te srcvelete fee 209 
Valued.y. sarees aA See tt 212 
critical temperature....... 315 
CYClewn. tng: 375-416 
Daltonisilawaecereee st 20 
definition seer reen ste. 41, 187 
DENSITY aastlommisveie eee nor. 216 
draltix.: exert eee 190 
disgregation work......... 221 
energy quantities.......... 235 
EXPANSION, examples...... 138 
adiabatic-peesseasect ea 
Boylesilawe.c eens sane Lol 
disgregation work....... 221 
Work ne. Seen, eae 228 
furnace pyrometer......... 646 
heat phenomena...... 187-254 

HEATING, at constant pres- 
SULC Race tt sais 232 
formulae sae: aaron 91 
BAWB3 drat cee ae ees 190 
combined application.... 203 
liberationea seek eae tee 144 
liquefactionyscrn eee ee 312 
manufacture.............. 425 
molecular action.......... 43 
naturalieeey pects ee 423 
oll: wateryn.inome een. 425 
PERFECT, heating.......... 221 
condition change........ 234 
definition tpereiaiey es - 188 
expansion sie -crsee: 248 
permanent yarrow eee 313 
Pintsch:t.29tre nen Me 425 
poweniplantasier- ree ee 510 

pre-expulsion from feed 
WIELD sete Oates Cae hae ta 147 
PTESSUTO Rayee ct eyer- tke fase keels 18 

pressure-temperature 
CHANGES tes. en oriole-c: 194 
refrigerating machine cycle. 408 
ReTrigeraviOly. wis eee es 607 
SPECIFIC heat......... PNAS, PER 
RVO UII CR ec keene ee 276 
temperature, absolute...... 196 
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PaGE Pac 
Gas, Continued. Hzat, Continued. 
volume-temperature change 195 BVallable..c%s aoe 412 
WAGED cs noire a teero oe chee 425 BALANCE, boiler furnace.... 458 
Wells: ce) seine ee ee 60 gas power plant Meg hh 2 et 511 
working substance......... 391 steam power plant...... 502 

“Gas and Fuel Analysis,”’ COpacity. crak ak ks A 75 
White on heating value chemical reactions......... 65 
OD EGOS s/t. eemernee 427 combustion... aes mae 440 

GASOLINE, definition. were 280 conduction, see Conductor, 

WMS SA WMMIN BINS Bog oo Gaon c 511 Conduction. 
Gay-Lussac’s Law, definition consumption, prime movers 533 
195, 200 definition 2.5 04/2. Soe 7ceue 45 
graph.................04. 319 derivatiog, usesi seen 60 

General Electric Co. thermo- developmenti asa ates 63 
static metal strip..... 162 due to compression........ 64 

GENERAL GAS LAW, definition. 210 Har errect........... 131-158 

problems dsuieh ep Ohiatas taerely ahetes anc ks 213 electrical CNL Ya saan 64 

Generator, electric, definition. 26 emission, electric heater.... 591 

Glass, expansion ........... 161 ENERGY, addition......... 134 

Goodenough on ammonia- AST ARWIA ts Sede es 342 
vapor properties. ..... 370 ilustrations..as a ee 335 

GRatH AREA, boilers........ 580 CONVersion=e eee 74 

warm-air furnace.......... 588 defnition eee S27, 

Grate, coal burning, combus- expending... 5060S 83 
bOU Sta eit 444 liberation sas eee 134 

Gregory and Hadley on Dal- Cranston) on sae 333 

RS AW ity Aa tees cactners 280 : : 
SER ES header 257 Seneca aeon mo ee 
trical energy.......... 150 
H working principles....... 90 

Leinlttecsepcyer ett ee ears oe 307 Gisine sect Enon: 

“Handbook for Heating and -Hmat-ENnTROPY, see also En- 
Ventilating Engineers,” rome ‘age porate: 
Hoffman on intermit- entropy. 
tent heating 2. aem 547 rant 346 

Hard water, definition....... 150 Rate tet et AG, 

Harding and. Willandtonchoat extraction, mechanical re- 
supplin’. Sa ueeee 552 ETS CLa tO les yee 611 

Harmison GatetyiBoller Worln ELOW sulneigers cae eh eee We 
On. exhan stechosan CONDUCTION =a nern setae 101 
hentiag Rue ekamceioal 574 Oma ere ese 105 

Haun tassel 46 ee «Tate ec: pa hte tea 

Sis: St teal alae 35-59 DEUCHON Sanne ca eee 63 
absorbererems ecm 128 insulator, see Insulator. 
abstraction............... 131 arboreal <o/5:3.2 es ara 93 
ADDITION Hy. anriorecmeneette 131 latent, see Latent heat. 

effects. 82 iina aera 159 Loss, Carpenter’s formula.. 551 
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Hat Loss, Continued. Heatina, Continued. 
AOM DUI din gamer eee 542 hot-water, see Hot-water. 
jalulenKernenoneren wa@age son ee 497 TNDIRE Cltamreee tell vier, 00s ok 555 
steam boiler furnace..... 453 building warming....... 581 
StCAMAUPIPCS aes... cere a 467 INSTALLATION, design...... 542 
measuring instruments..... 636 efficiencies, table........ 558 
measurement........... 67-96 Thaknopecbueolnon ooloee MeO bor 546 
MECHANICAL energy....... 63 steam, see Steam heating. 
equivalentyc:. 262 sisen. 70 systEM, see also Building 
pump, see Refrigerating warming. 
machine. direct and indirect...... 554 
GWENNNA ac Comon be oo.c domnag¢ 67 DO LeVIEIEY rere een stent erate 538 
radiant, see Radiation. “Heating and Ventilating,” 
TENsy Sia colo won omc co pear 61 Carpenter, on regis- 
Reb EXeroy Dike cleo nears o cid cca 123 Ac) 9 ey ry CRORIO OM Roa OOK 583 
BOURCO Me | Crineasicnsek a aus «ote 60-66 ‘‘Heating and Ventilating,”’ 
specific, see Specific heat. Hoffman on heat trans- 
SUD UMA OMY Hews pie este. 142 1 CEA c Bacio REM mop ac 544 
AUP Pla LOOM = eh. cet ers ei 551 ‘‘Heartne AND VENTILATION, 
TRANSFER, see also Conduc- ALLEN AND WALKER 
tion, Radiation, Convec- on building warming.. 539 
Uti Oo. 8 center ote 97-130 heat transmission......... 579 
olen heres eee 128 Henry Vogt Machine Co. 
coefficients, materials... 544 absorption -_ refrigera- 
convection, utilization... 117 tingsmachimest.% sc. 619 
effectsineencim re ere es 45  Hit-and-miss governing...... 515 
equation.......-..-.--- 89 Horrman on heat transfer... 544 
perfect gas...........-- 222 on intermittent heating.... 547 
TAGIATION aetna ee 125 Honeywell heat generator.... 567 
room warming.........- 541 Horsepower, definition..... 31 
transformation.......... 67-96 iC 1C a bec eeegenet: severe sper oka 479 
TRANSMISSION COEFFICIENT, RATING, definition......... 32 
TAC ALOL a yerahtdeteien cil 568 internal-combustion 
radiator, table.......... 579 CN PINES: «exe ores oh orep 536 
unavailable.........0.-.-- Al2> = ELot-ballignition yest. tek 514 
vaporization........-..+-- 328  Hot-blast system..........--. 581 
PMA onda deo o modem ano. 1205) Hot-bulbiionitione a. .ertacr-r 514 
GehmnitioNiaswalarercetier 152 Hov-waTER HEATING........ 561 
FOHECHION eee alert 122 radiating surface.......... 568 
withdrawal, effect......... 159 SY SDEMAN pyetvernonseetous =: steusiens 176 
illustration: ..y505 neler. 116 


“Heat,” Shealy on polytropic 
exponent .......----- 248 
Hater, electric, heat emission 591 
feed-water, see Feed water. 
Hywarvina, direct......-++++++ 
direct-indirect.........-.- 


“Household Mechanics,” 
Keene on humidifying 


apparatus..........+. 554 
iEkvacdbtihit\7. 5 ooo Geman ce 302 
Humidifying apparatus...... 554 
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HuMipity....o eee 300 International Correspondence 
effect on comfort.../...... 552 Schools on open fire- 
relative, determination.305, 665 place. ee eee 556 
Hyprocen, combustion...... 440 Intrinsic heat, see Internal 
TN COALS way yeaa eee et es 456 heat. 
In fuel ny eee ome eee 428 
Hyerodeik. cas .0.4)-0 tere 666 J 
Hygrometer, definition....... 664 
Hyqrometsr, see also Ther- Jackson system, cold storage.. 598 
mometer, wet-and-dry Jet condenser............... 489 
bulb. Joule’s experiment........... 224 
JOULE-THOMPSON effect...... 221 
I Cxpansio nye 353 
_ Junction, cold, thermo-electric 
Reson yctshals ten wip PRN A SISEEE ce 7 632 Pyrometer. see 649 
latentihea tie ate ee 265 
TINALGLIN Gy ree ey: ae ee 256, 275 K 
Ick-MAKING capacity........ 632 
DY Stenigntas oo. 5 54.. SRSee 628 Keene, on humidifying appa- 
Icr, melting, refrigeration by. 601 TALUSS Ades eee 554 
TNOLECULES seepeene Pree 41 Kelvin, Lord, on disgregation 
raw-water, cams........... 631 Work sss anc oa 8 221 
IGNITION SP eee a eee 514 Kerosene, mixing with air.... 511 
temperatures... 4p. 4.45 439 Kindling tem perature, see - 
INDICATOR DIAGRAM, see algo Ignition. 
Pressure volume dia- 
gram. L 
COMP ressOn eee ees 404 
definitions area eee 662 < ° Lampae.sss este eee 154 
Diesel engine............. 401 Laren’ uxat, condensation, 
Rankine-cycle engine...... 395 ELEN E RAS HS 5b 6 aljee 300 
refrigerating machine. ..... 408 definition d50. oe 91 
steam engine......... 395-477 OOS. ccmcrigeinc- st ia 265 
Indicator, engine............ 662 illustration <. 0a). fae 264 
IGANG, co cocos00ctenas 545 MOIGING. << cw 5c. 01 EOE 263 
Inijector.s 256:....c pee eee 484 melting, table............. 266 
INSTRUMENTS........... 636-669 solidification ...,.h0.<a ee 264 
cost; stablez7 paewee ee nek 667 BEGAN, 505 spay ayo MURR 296 
temperature measuring.... 668 VAPORS citnc.o sce 327 
Insulation, refrigerated space. 597 condensation........... 299 
InsuLators, see also Con- VAD ORIZ/ATIO NG Geers 293 
ductor. pts p Nt RR er x acide > ke 298 
miatterialscatp. erotica tee 599 table yy 2.6 See teie ceee 296 
Tinterchangenw seen eee 618 Law of partial pressures... .. 250 
Intercooler samara nae 405 Liman, melting... Vivi. sacs 139 
Internal henteeneer eee 93 Specific; hea tenet 80 
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Leakage, see Infiltration. “Manual Of Mechanics And 
Mens) refraction...) 5. 0+ 124 Heat,” Gregory and 
LiwrraTion, see also Absorp- Hadley on Dalton’s 
tion. LaWiaeeceemertia os teeters 280 
ea tienergynccet. cine ecules 134 Marks, L. S. on ammonia 
Lieut, definition............ 151 gas absorption........ 146 
energy, see Hnergy, radiant. ammonia vapor........... 369 
Mave) CENeCtIOM serials go, + 124 boiling temperatures....... 285 
WAVES, definition......... 152 carbon dioxide vapor...... 372 
PeneCblOne ne k/.: 6 css evs 122 CONGUCEIVILya seen 108 
Nii Se TaL UG eee ee yepeges ee yee star c) 4 ce 435 critical temperatures ...... 316 
Linde liquid-air apparatus.... 633 engine classification....... 525 
MIT GQUM RA OTLON). seis tose ievoici horde ls 140 Pas Censivyaeerrme terete eee 217 
PASCS ere Mee eet ha oe 312 latentsheate sae ere te 296 
Liquim air process........... 633 melting and freezing points 260 
MMOLECUWIES saves be yetsrats siecle, 41 polytropic exponent....... 248 
MECOLVIER ss gba ceases aloes 611 radiation constant......... 126 
Liquips, see also Solution. saturated steam........... 360 
absorbing gash.....o2.-.-. 146 shrinkageen eee. cee 178 
boiling temperature........ 285 SPECIFIC heat values....... 212 
COMLTACUION Se aser- 411i 159-186 volumes of liquids and 
dissolving solids..::....... 147 PASESIRches Acts anes 276 
CVADOFAUION Ns ahh sar 270 sulphur dioxide vapor..... 370 
BXPANSION 6 nti oes 159-186 Marxs anp Davis on boiling 
Cubicalwemasascece LT temperatures of water. 291 
molecular action.......... 43 critical temperatures. ..... 316 
specific viscosity.......... 144 density of water.......... 359 
specific volume, table...... 276 specilicvheat..sesc eee 76 
VAPORIZATION: ....0-42. +03 91 superheated steam........ 364 
latemtcheatiys.. dese. 298 Marvin, C. F. on humidity.. 301 
LocomoriveE, fireless......... 467 relative humidity......... 304 
Heat; DalanC@sscen.. s asics ces 504 Mass, definition... .2:...0.... 2 
WMOBSES see Ae ta ioe oS hee 460 Marrsr, see also Substance 35-59 
Lunkenheimer Co., on valves. 512 COMPOSIblONer a ener ee aes 36 
definitionsepeaae nee eeere: 35 
My indestructibility........... 40 
Machine, refrigerating, see properties which determine 
Refrigerating machine. heat content.......... 67 
“Machinery’s Handbook” on Bbabesusasetros maim awe 41 
metal strengths....... 157 Mean effective pressure...... 478 
Maanestium carbonate....... 150 Mercuanicat action, see Hn- 
Sulphate Sucre ea eres 150 ergy, mechanical. 
Magnet, permanent......... 155 CMIGIONCYsehg ssc eis a etenal ehe 411 
MaNnoMETER, see also Barom- energy, see Hnergy. 
CLEP a Sahar 653 Mechanical Engineers’ Hand- 


TIMETCULY 0 = Mie ats eel Pines ee 13 


book, see Marks, L. S. 
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“Mechanical Equipment Of Moller chante ae 346 
Buildings,” Harding Mortar, pulverizing coal..... 429 
and Willard on _ heat Mosher on ammonia vapor... 369 
SUP DLY xxtic the aie eea eel 552 Morion, definition.......... 39 
Mechanical equivalent appa- reducingass.ce eee 663 
PALUS' seems ty eA cere 70 Moyer, J. A. on coal analysis 428 
Mietz and Weiss engine...... 527 on temperature measuring 
MEE PIN Geese oe cose: 255-268 instruments.......... 668 
definitioneaernierer eae 139 
ATEN DT ELH AT. ac nelepaerdtaisck: 263 
table. wexcece ae kai 266 N 
DOME Secw chaste 139, 255 
POINTS stables ey eee 260" INaphthaysass.- oe eee 422 
pressure effects on...... 262 Natural gas well, piping. .... 423 
Min CURYS ee taemt eine ae 255 New Way Motor Co., on air- 
barometeranceceee atin 10 cooled engine......... 535 
Expansions seed ees 174 NuTRoGEN IN flue gas........ 448 
BRO eh fore eh, erteaniarstaeatas 14 fuel... anges ae 428 
indicating thermometers... 638 
IMANOMELELE ee eee 13 
O 
THERMOMETER............ 50 
graduation checking..... 644 
Mbrar alloya.<:-dwsse% Lie 256 Ohm’s law of heat-flow circuit 113 
thermostatie.wd cstv esae ne 161 Ort, see also Petroleum. 
Mertats, pyrometer thermo- distillation, fractional...... 310 
Couples as ee 648 furnace pyrometer........ 646 
SOlGHICALION Meee nee ere il yee mining. 2 eg eee 420 
Strengths -abable a ants 156 wells, earth section........ 60 
Method of mixtures......... (Om wOllatGvater jan) aseeeeeee 274 
Metric unit, see Unit. Onderdonk air valve......... 164 
VETO See ee uote heme ee ity sae ae 105 O’Nerun, H. on neat toss... 454 
MILLIKAN AND GALE ON rain. 308 DUE TO hydrogen in coal... 457 
relative humidity......... 305 moisture in coal......... 456 
OOM oo ong odog coon 285) | Orsatmapparatusia4. ener 449 
DMS ECU: Gace cooas 6 cag oc 563.) \ORDOIGYCIMrae eer 381, 526, 530 
Miners’ safety lamp......... 103 definition nin ec ae ee 399 
Mirror conceiy eh enim er 122 CNSINE!: aischeigep hl oases 536 
Mixtures, method of......... 79 OVERALL EFFICIENCY........ 482 
Modulus of elasticity........ 181 steam power plant........ 499 
Mohit nase eee ieee 105 Oxyasn, see also Gas. 
MotstuRg, condensation..... 307 EXPANSION eaereae ee 239 
INU SIT eo eee er 457 USMS aly ab edons hco4 6 448 
COdl ass sees eee ae 456 fuel iii. esearey eae 428 
LUG] ie tanto eke eae 428 water solution... 72... .. 147 
MODE CULES ay.uinrrrracrkee ress 34 weight, fuel combustion... 446 
GOIN NTMMDAN  Sooic concaaaar 36 Oxyhydrogen blow-pipe..... 133 
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Pp Pound, definition............ 1 
Powder, chemical energy..... 25 
ft ee 419 Power, see also Horsepower. 1-34 
peer en meas. > Comtap ton, mechanics! 
By ocis se Niining ORM einoers’ refrigeration. Fas fopege tees OOS 
- Celi toi. eee cee ens 30 
Handbook” on conduc- 
Givatyarse ne 108 Bow uceeieeag 
Sock oe ae 259 overshot water wheel...... 32 
“Pender’s Wiesel cen RUE Bie eoermancess a 510 
Bert sq hoGe Gu int erna 1 -combustion- 
conductivity...-.:....- 108 ici i imaend dito ee 
PENDULUM, COMPENSATED... 163 Me PerCar sta 64-606 
eae siot 60 2 172 auxiliaries Say oe ROE 483 
Prrrect cycle......... : 386 EEO rere: ate te 
Bie ace Gas, perfect heat balance Aas 502, 503 
law, see General gas law. eee ee Ae ae oe 
PERFORMANCE COEFFICIENT, ae glee casas a ECL 
ie ee 378, 633 overall CHCIeRCy terick ae 
maximum limits.......... 380 pore: re ity ea Las ay 
PERMANENT gas, definition... 313 a ee eae 
sun hea tin pee ceria 60 
AM ASMIOH somes Neel cee ol L5Oom meer Ay aN) 
te ada ea ele ear [80/2 eee at ae aL, ONT 
PETROLEUM, see also Oil..... 420 SEN aches oe Shalt Here abe 
ANE Cee afi | PUA aRD a PRO She ore ee 
Physical process, definition... 1381 « drown tn Coals asia: - ou 
: Power Puiant TESTING 
Pifres sun power plant....... 61 M : 
IPHTESCDACAS <2 sieeocs waco os 425 a oe EE 
Pipes, steam, heat loss...... 467 Sa EMER Set 428 
temperature measuring 1n- 
Prpine, dry return.......... 572 
: struments. .....-....- 668 
exhaust-steam heating..... 576 Pownr, pumping water...... 30 
hot-water heating......... 563 steam engine cylinder...... 32 
natural gas well........... 423 UNL Gree Oe ee oe ee 31 
STEAM, function........... 467 “PracticaL ELECTRIC 
heat losses 42 ee eet 497 ILLUMINATION”’ CROFT, 
steam-warmed building.... 571 T. on filaments........ 155 
Weiretlknom see eee Ole radiant energy. . 152 
PistonupuImpe se. es e 485 ‘Practical lectricity;” Croft, 
ilanetesmals: se cjec ce +e 62 T. on electrons........ 38 
“Plate’’ ice-making.......... 629  Pressure-and-vacuum gages.. 15 
Platinum black. ..“..<.....- 145 Pressure, atmospheric..... 8, 18 
Plenum system............4 581 ATOMEtrIC ete eters tr eas 9 
Point or admission......... 477 change, effect on boiling 
MElCASON GT ee cite eres 477 MOL ta severchuemlererste cee 287 


“Popular Mechanics,” Pyle, 
L. on thermometer.... 161 
Porter, H. K.Co.onlocomotive 467 
45 


classification, steam heating 572 
compression, engine classi- 
ficationswess ane ce 
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PrEssuRE, Continued. 


criticalickncce eee eS 
Getinitions eee oe 5 
formulae \ewee Te dh 
GAGE, see also Gage. 
Bourdon-tube....-... 2. 656 


combination graduations. 661 


combined semen ace ate 656 
definitionyer mae: 13, 653 
diaphragm type......... 659 
IMOLGUIY Aerators eeonesr eta 14 
Operationg.. ee eee ee 653 
SVACUUIN recta ere toenere ee 14 
LOB sooo orcs Grune oa 18 
hyd raulicuae ene meer 18 
WMO RTO Ps ooocsacocoounc 407 
mean effective............ 478 
MeASUNIN Ee UNITS see eee 18 
STBAM COOkeraeemece ek. 290 
determinations.......... 658 
PRESSURE, see also Gage Pres- 
SUNG TS has ine nee 1-34 
absolute, definition........ 15 
Pressure-temperature change, 
formUlansn eee 194 
Pressure, thermal, see T’em- 
perature. 
UDIGIER weenie ere Ge erate 6 
UIE VANE conoo deus eben 18 


VOLUME DIAGRAM, see also 
Indicator diagram. 
Carnot refrigerating 


machines sn. 6 wee ESOL 
CVO EUUCK ZS none nctance Mal 
Diesel engine........... 401 
Ottoreyclesne see ee OO 
Rankine cycle.......... 394 


vapor refrigerating 
machine cycle......... 410 
VOLUME graph, Carnot cycle 389 


WOT? ORR ene ieee 226 
PRIME MOVER, heat consump- 
COD 55 Oe Eee 533 
heatvloss: jcpaccs. grarecrnc ee 497 
STEAM, commercial rating.. 483 
detinitionsn eek 474 
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efficleney aetna 428 
function jeanne arteries 467 
Water rates asel nee 483 
thermal efficiency table. ... 533 
water rate, reduction....... 497 
Process, chemical, see Reac- 
tion. 
constant-temperature...... 140 
endothermals ope eee 134 
exothermal ee se raacecreee 134 
physical, definition........ 131 
Producer gas, manufacture... 509 
Product of combustion....... 440 
Pseudo cycle........... 376, 382 
Psychrometer, see Sling Psy- 
chrometer. 
Psychrometric chart......... 305 
““PSYCHROMETRIC TABLES,’’ 
U.S. Dept. of Agric. on 
saturation............ 279 


U.S. Weather Bur., Marvin, 
C. F. on humidity. ... 301 


“Puddle” carburetor........ 511 
RUM PS coer ee ae 484, 491 
Pyle, L. on thermometer..... 161 
Eyrographic oa) ac oo eee ae 647 

PYROMETER, see also Fusion 
DYLOMELE tee 636 
definitionaamas. sto eeeen 645 

R 
Radiant energy, see Energy, 
radiant. 

RADIATING SURFACE, area.... 578 
proportioning... eee 568 
Rapration, black-body...... 651 
boiler furnace............. 126 
constant ..4. oe ee 126 
definitions tyes Stes 119 
hormiulascc.v.conect eee 124 
HOA lOSS one esn ee ee 458 
transfer, formula........ 125 
illustrations “aceon 125 
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Rapiation, Continued. REFRIGERATING MACHINE, 
pyrometer, see Féry radia- Continued. 
tion. cold-air. sraccwen ceeds 625 
Tate, TACLAtLOL, -s.j06 ae ee 568 Cyclevae ne ee tot 407 
TOOM) Warming... 2)... 541 Cefinitioneeeeertn. nerfed O 
transparent bodies......... 120 dense alrtenr ees shr-tce 408 
Gharouchavacuvamre rere a: 119 PAST CY Cle semen ac wr itor 408 
RaviaTor, direct heating.... 557 indicated work.......... 411 
direct-indirect heating..... 590 sulphuric acid... 2.02544) 622 
HEAT TRANSMISSION COEFFI- vapor-absorption........ 618 
CUMIN DS Perce arene odegePe ey tor 568 REFRIGERATION......... 594-635 
tableneccc. rotten es 579 definition tanec pee as 594 
HOt=W ater sires fesse ees 556 direct expansion.......... 626 
FACUAGION VALE. wins «sie erence 568 ECONOMY: Pe eee eee 597 
GRVAUM  e rarehagre ovmiigeteshsbebale ate > 556 aS cet tae oie ae senna Geeta 607 
PRA AVALV Clrantaccis ele cterntet 573 INDIRECT air circulation.... 628 
temperature... o.. 05. woes 578 Expansion. eee Reet 629 
Radiometer, rotation........ 151 ME CELAN ICAL eeeteate eicirel: oie 599 
REVELL sapeasos eed Foose Ble oy oa che eos oe 307 compressed air expansion 624 
“Randall’s Practical Heat’ heat extraction....:.... 611 
on conductivity....... 108 power consumed........ 632 
VAM CO COOKING ec.) ciel otelaiel <aehe 560 principal types.......... 606 
FUAINIKDNE MOV GLI fs lerqciayals ene ott 381 vaporized liquid........ 610 
CehmiGiONer eae see ae SOO methods). aise sats wera 599 
RUDOCUAIG Ghvte hat ahave ote cc esetere tones eke 398 martial i mitrsidte pctsens lepers 599 
Raw-water ice cans.......... 631 PLANT) SID saeesiet soe c 595 
REACTION, chemical......... 65 VADOL Sahar ee ee 409, 609 
ck ivanetoin, Shoo panuesD cae 132 TEQUITEMEN tan seers eres 597 
Reaumur scale ......1). cites). 51 Unitiol capacity. ere 631 
RUCCUIMCT wary, auczronsteye eile steer 618 USCctpe Mpc eis ee 594, 628 
Reducing motion............ 663 VAPOR, definition....... = 006 
REEVE ON energy transforma- economic operation...... 623 
GION NRRe ens Nloveaco oho 28 Telrigeranten seer 608 
MRS Ob ots ao pow OOo Oe o.cIc 43 Va DOIS USCC sn reer: 368 
IRGtleetOrmanan ceo decir 123 WAbeIEVapOl wen sae seein 621 
IRGIECUTOE te eohoermoaOls oon 124i Retrigeratorecn:-mypaeir eek oes 595 
VCMri Geral tifem.'r os » spec stelle 608 Regelation. -.mienc. =<. cier- 263 
REFRIGERATING apparatus, REGISTER, location.......... 583 
WENO coooamoagnoaaoue 607 SIZES se eee ne nee a Re = 589 
RUA CHIN Sal las oraystore-s peewee eel 407 Regulation valve............ 609 
air, calculation.......... 625 Release, point of............ 477 
ammonia absorption..... 617  ResIsTANCE, see also Conduc- 
@arnoticyclesscr esas x 390 tance. 
COEFFICIENT OF PERFORM- GeMMITIOM pris cee cele 112 
MNO Ha:stneatets toes scene 633 Ong 10} Eee coe ae to ore 114 
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Resisvance, Continued. “Smithonian Institution Bul- 
ulltes. caclar eee 113 letin”’ on petroleum... 421 
Resistivity, definition........ 113 PYinG jamie rine oo asiaer 293 
Rockwell, W. S. Co. on ther- CONdUCtIVIty.--e eee ee 108 
mometric scales........... 55 latent heats of melting..... 266 

Room, see also Building. “SMITHONIAN PHYSICAL 

HHATLOSS acer on uebiee. ee O20 TaBLES’’ ON lineal ex- 
formulae ee es 548 PAnsiONs reece 165 
MOE SUD a con aocuanon cc 551 melting and freezing points. 260 


heating installation, design 542 


intermittent heating....... 546 
occupied, humidity........ 552 
temperature of incoming 

BL sre: ona olers) share cemete 586 

ventilationy=...<s5.....-- 584 

WALMUIN Gils core eos oi teehee 541 
Rubber, expansion.......... 161 

SS) 
Safety plug, fusible.......... 258 
Sar brine, see Brine. 

common see Sodium 

chloride. 

molecule, composition..... 38 

solubility in water, heat 

CHECE seared ce eee 148 
SATURATION, see also Vapor, 
Steam. 

CkerabnloyKe re naogah cas coos 279 
Sawdust as fuel............. 418 
Scan, boiler definition...... 150 

thermometriceas-remrree 51 
SCAV.CNLIN Sanaa cle 521 
Seger cones «1 ..5....... 258, 653 
SHEALY, ON perfect cycle..... 386 

polytropic exponent....... 248 
Shearing stress, see Stress, 

shearing. 
Ship, refrigeration plant..... 595 
Shrinkage, see Contraction. 
Srevon jet condenser........ 489 

SGalls sy ars ee ea oh ci ee 658 
Dlests Paseieaaqadtees saree 307 
Sling psychrometer.......... 302 
Smith, A. on solubility...... 148 


solubility of carbon dioxide 146 


saltss.ck.. 5. ps eee 148 
wave lengths. = llc 5 ame 153 
SnoOwstccutasdac ces Cert 307 
Snhowdlakesar. seve eee ae 308 
SoDIUM CHLORIDE, see also Salt. 
dissolved, freezing tempera- 
TUTCS 2s. ant es 262 
SoLaR HBAT, see also Sun. 
SOULCE:. hb stars tale etree eae 62 
SOLIDIFICATION, see also 
Preezinge ana eee 139 
latentihedtx. s...-rssesee ae 264 
Souips, absorbing gas........ 144 
contractionga. ere 159- 186 
expPansiON aa ees ee 159-186 
heating, formulas. ere 90 
ligueiactionis rian rere 260 
Mel tings... scares ee 599 
molecular action.......... 43 
SOLU tIOM Se cepks Soiree a 147 
Specitic iheat...e eee 79 
stress due to restrained 
expansion or contrac- 
TON. S55 ce eae ree 183 
Solubility in water, tempera- 
ture variation........ 148 
SOLUTION Bo weee eee 132 
boiling temperature....... 292 
changing solid to liquid.... 260 
definition enews 147 
Saturated. x. wteice es ee 149 
solidifying temperatures... 562 
Space, universal............ 36 
Sparkwelectric. tia screeners 514 
SpEcIFIc HEAT at constant 
PLESSUTO), «is atstohistettese 2 232 
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Spreciric HEAT, Continued. Steam, Continued. 
at constant volume........ 231 pump, direct-acting........ 382 
CEI) Ree eae er 75 QUALITY, determination.... 358 
determination............ 78 Omnia aes Aleks ote 366 
Walues, table: 55)... 200... ds radiator, see Radiator. 

Sprinkler, liberating devices... 258 saturated, dry, properties, 

Standard Thermometer Co., Cab lon Aa otiaese es 360 
bi-metallic thermom- SCDALALOL A ee te Pens 367 
ler eenis 9 omit 637 SUPERHEATED, properties, 

State, change of............ 132 PLO ake aan 7 a ee 364 

SrEam, see also Vapor, Satura- Bpeciticsheatenanrses 330 
tion, Exhaust steam 319-374 “Stream TABLES,”’ Marks AND 

boiler, see Boiler. Davis on boiling tem- 

“Sream Borers,” Crort, T. peratures of water.... 291 
ONgalT. dralteace i cnie 219 critical temperatures....... 316 

boiler classification........ 470 density of water........... 359 
COMVeCLIONMes tautenn kein 119 Speciticuhea tema eras ae 76 
eraliGama res sssr.e «cheats aiden 656 superheated steam......... 364 
Clasticnlimit se she's aan 182 Srmam, temperature-entropy 
SCAG. ceil ..ciy ate hoe ets 150 diagrams a): epi ee 342 
Stram, condensation........ 299 PUT ITLG Seveenn ares ope. 474 
CELMITION eae creeestel st sents 269 “STEAM-TURBINE PRINCIPLES 
CISCO SEES cin oar = iste 491 AND PRACTICE,” Crort, 
engine, see Engine. T. ON engines and tur- 

“STEAM-ENGINE PRINCIPLES [By LOYSIS) eee ta ct tae 475 
AND Practicz,” Crort, SMUDUING SWORE wgags oun ade foo. 321 
T. on engine tests.... 531 superheating sc... 4. eee 367 

engines and turbines....... 475 Sreran-BoirzMann formula. 124 
gravity-operated trap...... 484 law of black-body radiation 651 
INGICALOIS chit, selene 662 “Stone’s Experimental 

Stream gage, Bourdon-tube... 15 Physics” on gas laws.. 198 

heat-entropy chart........ SAT FS SUOVG Hasccsnczrete toe re 556 
LC OR UTES SNS nae cls Soe 569 Spain, see also Stress. 
HEU MOL ALG torrccoerctonc Peer 498 definition()... . nee 180 
PabenGiheAt...«. 12 sien eeee 296. Strength, ultimate........... 182 
plant, energy distribution.. 73 Srrmss, see also Strain. 

“SrtramM PowErR Puant COMPRESSIVE, definition.... 179 
AUXILIARIES AND Ac- restrained expansion..... 183 
CESSORIES,” Crort, T. defini tione.em ane een 180 
ON evaporation....... 271 SNOSTINT accent tae 179 

steam power plant devices.. 484 tensile, definition.......... 179 
lp OLIZAb10 De eee eee eels 269 SUBLIMATION........... 140, 269 

Steam power plant, see Power dehntGiOnng .)512)3:. ean one 141 
plant. SuBsTanceg, see also. Matter. 

Srpam prime mover, see Prime AMOTp hous man. 256 
mover. crystalline see Crystalline. 
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Sussrance, Continued. TEMPERATURE-ENTROPY, Contin- 
defnitionee eee eo ued. 
thermal capacity.......... 75 Charts staan Cee 346 
total heateeen erasers 93 DIAGRAMS... 7. dee ees 342 
Suction stroke, definition.... 522 cy clevstudy: teeta 382 
Sulphur, combustion......... 440 engine plant, non- 
SULPHUR DIOXIDE, as a refrig- EXPADSLV.e aaa “cele 385 
CLAN bon. oot 368, 609 Rankine Cycle........ 395 


MAX MNosoaacdg soonc 622 
Sun, source of heat.......... 60 
Sun’s rays, refraction........ 124 
Superheater Co. on super- 
heater siacone clas tee 322 
Superheater, definition....... 497 
SURFACE condenser.......... 489 
expansion, see Hxpansion, 
areal. 
vaporization, see Hvapora- 
tion. 

Sweating, of cold surfaces..... 307 
Syl phomatrapenrrrecrtee ta 573 
ae 
Mam bark-ftee.ssoreiceae eerste 418 

Taytor InsrruMENT Co., 

Féry radiation pyro- 

meter telescope....... 651 
on recording thermometer.. 666 

relative humidity........ 665 
thermometerseemeanris 637 
recording thermometer.... 643 
thermo-couple............ 649 
thermometer with socket... 640 
Telescope, pyrometer, Féry 
TACIACION RE ek ee COL: 
TEMPERATURE, see also Boil- 

BU Oia tative cc getiyt een 35-59 
ADSOIUbE nomccrcnyeeuse etn oe tN. 196 
boiling, refrigerant....... 610 
Critically, facaaa omen 313 
definition sqaek sees oper 48 
ENTROPY, see also Entropy, 

Heat entropy. 
Carnot engine........ 389 


vapor refrigerating 
machine cycle....... 410 

TeMPERATURE, Fahrenheit 
and Centigrade scales. 58 


fuel ienition eet seen 439 
MEASURING 5 cers ieee ee 639 
INS tCUMLENUS eee 668 


multi-point, determination. 646 
obtained with freezing mix- 


PUTO: / class ss aeons aeons 604 
OF TUSION = 5 ..asci renee eee 255 
solidification’ ......2rieie 255 
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